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Abstract. 
AN INVESTIGATION INTO COMMERCIALLY FEASIBLE APPLICATIONS OF 
ELLAGIC ACID AND ITS DERIVATIVES. 
The initial part of this investigation dealt with the development of techniques for the rapid, 
inexpensive production of pure ellagic acid (1) from which a range of derivatives were 
synthesized. A quantitative, inexpensive procedure for the production of tetramethylellagic 
acid (14) in air is outlined utilizing guanidinium methoxide and dimethyl sulphate in N-
methylpyrrolidone. 
The preparations of the previously unreported, water-soluble tetraguanidinium (99), 
tetracholine (100), tetrakis-benzyltrimethylammonium (101) and tetrakis-
tetramethylammonium (102) ellagates are described. 
2,3,4,2',3',4'-Hexamethoxy-6,6'-diphenic acid (11) and its dimethyl diester (12), diacid 
dichloride (103), diisocyanate (105), diamine (107) and diol (108) were prepared from 
tetramethylellagic acid, but showed little reactivity when trialed in basic polymerization 
reactions. 
At mildly acidic, neutral and basic pH, ellagic acid and its water-soluble ellagates removed 
a range of metals (including magnesium, calcium, manganese, iron, cobalt, copper and 
gold) from solution by precipitation of metal-ellagate complexes. At strongly acidic pH 
pure ellagic acid precipitated by hydrolysis in preference to complex formation. 
2,3,4,2',3',4'-Hexamethoxy-6,6'-diisocyanato-diphenyl (105), ellagic acid and its water-
soluble derivatives were evaluated as wood preservatives. Preliminary studies indicated 
XII 
these compounds are unsuitable for use as commercial water repellents, but do improve the 
dimensional stability of the timber. 
A solution of ellagic acid in A/-methylpyrrolidone causes significant reduction of both total 
moisture uptake and total moisture movement in timber stakes subjected to wick action. 
Water-soluble ellagates decrease moisture movement but have little effect upon total 
moisture uptake. The presence of copper had no effect upon either of these variables for all 
treatments trialed. 2,3,4,2',3',4'-Hexamethoxy-6,6'-diisocyanato-diphenyl treated stakes 
exhibited similar properties to untreated wood. The moisture and copper distribution in 
treated stakes was also examined. 
When impregnated into wood ellagic acid and its water-soluble salts are capable of copper 
fixation by the precipitation of an insoluble copper-ellagate complex within the timber. 
These compounds may provide a comparable, non-toxic alternative to the hexavalent 
chromium treatments presently available. 
The wood destroying fungi Coniophora olivacea, Fomitopsis lilacino-gilva, Gloeophyllum 
abietinum and Serpula lacrymans are resistant to tetraguanidinium, tetracholine, tetrakis-
benzyltrimethylammonium, tetrakis-tetramethylammonium ellagate and 2,3,4,2',3',4'-
hexamethoxy-6,6'-diisocyanato-diphenyl treatments. These compounds are fungicidal to 
Perenniporia tephropora. The solvent carrier of ellagic acid, A/-methylpyrrolidone, is toxic 
to all the test fungi and appears suitable as a preservative treatment for protection of wood 
to fungal decay. 
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CHAPTER 1 GENERAL INTRODUCTION. 
1.1 Introduction. 
The observation that ellagic acid (1) precipitates as an insoluble metallic complex during 
the pulping of eucalypts is the premise upon which this project is based. This thesis is 
concerned with the development of chemical transformations of ellagic acid leading to 
commercially feasible compounds. 
Ellagic acid is one of the most common yellow pigments in the plant world. The acid (1) is 
found in the bark, leaves, petals, resins, fruits and nuts* of trees of many species, frequently 
with gallic acid (2) in the form of esters with sugars or related structures known as 
hydrolysable tannins. 
Ellagic acid is a condensation product of two molecules of gallic acid (a polyhydroxy 
phenol) joined by a carbon-carbon bond and two lactone bridges. Ellagic acid is a 
polyphenolic dilactone and therefore a weak acid. 
Chevreul2 first described ellagic acid in 1818 after finding it in oak galls. Surveys" by 
Bate-Smith3 have shown that ellagic acid and ellagitannins occur in 42 families belonging 
to 15 of the 40 orders of woody dicotyledonous plants, including the orders Resale, 
Sapindales and Geroniales. The family Myrtaceae belongs to the group Myrtiflorae, which 
exhibits the most systematic distribution, with ellagic acid being found in all families and 
most species, where it is usually associated with myricetin and leucodelphinidin. 
* A table of various foods in which ellagic acid is found is included in Appendix I 
3
 The survey of Bate-Smith is tabulated in Appendix II 
2 
Eucalypt species are known to contain large amounts of both ellagic acid and gallic acid as 
crystals in the heartwood. Derivatives of ellagic acid are in some cases being used as 
chemotaxonomic indicators between eucalypt species4. Chatterway5 noted that the water 
content of many eucalypt species decreased during heartwood formation and as a result the 
remaining solution became supersaturated with ellagic acid. Nucleation by fungal hyphae 
resulted in the formation of crystals of the acid (1). 
When the cambial tissues of eucalypts are injured in the growing season, a faint brown 
liquid is commonly exuded and dries to a brown, brittle, semitransparent solid containing 
ellagic acid and gallic acid. These acids prevent further tissue damage from occurring, and 
attacks by opportunistic organisms are also hindered4. Olteanu6 recently established the 
antifungal activity of these acids against wood-decay fungi. Further, Rosenthal 
demonstrated that ellagic acid inhibited the multiplication of fourteen morphologically 
different yeast cultures. 
Ellagic acid and gallic acid have exhibited inhibitory activity against the polyphagous 
insect pest, Heliothis virescens (tobacco budwood)8 and aphid species including Schizaphis 
graminum9. Ellagic acid also shows distinct algicidal activity against epiphytic (diatoms) 
and phytoplanktonic (cyanobacteria, chlorophytes) algae . 
Sisley11 isolated pure ellagic acid, obtained from tannins, by treatment with aqueous 
potassium hydroxide. Common hydrolysable tannins from which ellagic acid can be 
isolated include Brevilagin, Corilagin and Juglanin<|,. 
* A table summerising the major tannins, sources and components is included in Appendix III 
;?^s 
oo/Y" 
OH 
OH 
(5) (6) 
C H 3 
/ \ 
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The widespread distribution of ellagic acid and its derivatives in the plant kingdom has 
resulted in considerable interest in the chemistry of the acid (1). 
1.2 Structural and x-ray crystallographic determination. 
1.2.1 Structural determination of ellagic acid. 
1 *) 
In 1879, Barth and Goldschimdt established that ellagic acid had the molecular formula 
C14H10O10, subsequently confirmed by Goldschimdt and Jahoda13 in 1892. These 
workers ' proposed two reasonable, but incorrect structures (3,4) for ellagic acid, of 
which (4) was accepted. 
Graebe14 in 1903 suggested that Schiff s15 proposed structure (5) was correct based on the 
observation that diphenylmetholid (6), the lactone of 2-hydroxy-2'-diphenic acid, upon 
distillation with zinc dust, produced fluorene (7), diphenyl (8) and methyl diphenyl (9). 
The absence of fluorene on distillation of ellagic acid with zinc dust confirmed the 
previously proposed structures (3,4) were incorrect. 
The oxidation of w-digallic acid (10) yielded ellagic acid, further supporting the structure 
(5). The preparation, by Herzig et al16, of 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenic acid 
(11), its methyl ester (12), the lactone of methyl 2-hydroxy-3,4,2',3',4'-pentamethoxy-
6,6'-diphenate (13) and the methylation of ellagic acid by diazomethane to give 
tetramethylellagic acid (14) all supported Schiff s15 proposed structure (5), later redefined 
as (1). 
Inter-molecular type bond 
0 
Catechol type bond 
(15) 
(16) 
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Herzig et al established unequivocally the presence of the dilactone in ellagic acid, by 
successfully opening the two lactone rings of the tetramethyl derivative (14) by the use of 
methyl iodide and alcoholic potassium hydroxide. 
1.2.2 X-Ray crvstallosraphic determination ofellazic acid. 
In 1968, Mathieson and Poppleton17 determined the crystal structure of anhydrous ellagic 
acid. These workers found the crystals of ellagic acid belonged to the monoclinic system. 
They also observed that the centrosymmetric molecule is essentially planar, with only the 
lactone carbonyl groups being tilted slightly (3°-6°) from the molecular plane. 
In particular it was shown that the catechol type of hydrogen bond existed, as well as a 
strong inter-molecular bond between the 0(3) and the lactone carbonyl oxygen atom of an 
adjacent molecule (15). 
The X-ray crystallographic determination of ellagic acid-dihydrate was performed by Rossi 
et al18 in 1991. Triclinic crystals were observed for ellagic acid-dihydrate. The planar 
molecules are interconnected to water via hydrogen bonds, creating a layered network 
(16)A 
1.3 Isolation and synthesis of ellagic acid. 
In nature, ellagic acid is found both as the free compound and combined with glucose in 
the form of ellagitannins. It is produced in the living cells of plants: the phloem, sapwood 
and cambium. Translocation of ellagic acid does not occur to any notable extent19. 
A
 A data comparison of the two determinations is tabulated in Appendix IV 
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1.3.1 Biosynthesis of ellagic acid. 
Biosynthetically, gallic acid is produced in plants via the shikimic acid pathway4. This 
pathway also produces two aromatic acids, phenylalanine and tyrosine. Gallic acid is 
formed by the reduction of the shikimic acid pathway (Figure 1.1) intermediate, 5-
dehydroshikimic acid (17). 
The oxidative coupling of gallic acid forms gallotannins, ellagitannins and ellagic acid. 
Ellagic acid m a y also be formed by the loss of two carbon atoms from a 
trihydroxycinnamic acid type precursor, followed by oxidative linking of two gallate 
00 
residues and finally lactonization . 
It is not surprising that these compounds are frequently isolated together. The ease of 
oxidative coupling of gallates ensures the abundance of ellagic acid in the plant kingdom. 
1.3.2 Chemical synthesis of ellagic acid. 
In 1845, Buchner21 was the first to show that ellagic acid is formed when alkaline solutions 
of gallotannin are exposed to air. Schiff ' , Herzig and von Broneck , Sisley and 
0*\ 
Trunker subsequently confirmed his observations. 
Lowe24 was the first to prepare ellagic acid synthetically in 1868, when gallic acid was 
OK 
oxidised with arsenic acid. Ernst and Zwenger subsequently accomplished this by heating 
ethyl gallate (18) with a sodium carbonate solution in the presence of air, as did 
Griessmayer26, w h o heated gallic acid with water and iodine. 
COOCH 2CH 3 
(18) 
COOCH3 
HO 
HO 
CH2OH 
LJtf 
(22) 
OH OH 
CH2OOC OH 
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In 1905, Perkin and Nierenstien oxidatively coupled two molecules of gallic acid using 
potassium persulphate and sulphuric acid to produce ellagic acid in a 34% yield. The 
primary product in the oxidation reaction is hexahydroxy diphenic acid (19), which is 
unstable, and lactonizes to give the acid (1). Herzig et al16 later demonstrated that aeration 
of an ammoniacal solution of methyl gallate (20) yielded ellagic acid. More recently, 
Hathway20 isolated humic acid and traces of hydrogen peroxide amongst the ultimate 
products of this reaction. 
OR 
Reichel described the ultraviolet irradiation of ethyl gallate, methyl gallate, m-digallic 
acid methyl ester (21), 03-galloyl glucose (22) and 03,06-digalloyl glucose (23), all of 
which produce ellagic acid in yields of up to 61%. 
Pastuska found that heavy metal ions such as Mn , Co , Zn , Cu and Fe had 
catalytic effects upon these photo-oxidations. His work indicated that slightly better yields 
were obtained by addition of a phosphate buffer to the system. Potassium cyanide was 
found to inhibit the system. 
Hathway20 used the enzyme polyphenol oxidase to produce quantitative yields of ellagic 
acid by aerobic oxidation of methyl gallate and /?-glucogallin (24). 
Dilute solutions of disodium phosphate, barium hydroxide or sodium hydrogen carbonate 
were used by Erdtman30 to prepare the acid (1) via the autoxidation of ethyl gallate. Other 
synthetic preparations include the dehydrogenation of 03,06-digalloyl glucose with 
atmospheric oxygen and the use of alkalis on ethyl gallate . 
8 
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1.4 Reactions of ellagic acid. 
Tetramethylellagic acid was prepared by Herzig et al16 and converted to the dimethyl ester 
hexamethyl ether (12) by methylation with methyl iodide and potassium hydroxide. 
Treatment of this product with hydrochloric acid produced 2,3,4,2',3',4'-hexamethoxy-
6,6'-diphenic acid. These workers16 also isolated a byproduct of the methylation of 
tetramethylellagic acid, which they showed to be the lactone of methyl 2-carboxy-
3,4,2',3',4'-pentamethoxy-6,6'-diphenate. By boiling in alcoholic potassium hydroxide, 
this lactone could be converted into 2-carboxy-3,4,2',3',4'-pentamethoxy-6,6'-diphenic 
acid (25). 
Some mono-, di-, tri- and tetra- derivatives of ellagic acid were prepared by Reichel and 
Pastuska , and by Reichel and Golinske . The mono- (26), di-sodium (27) or potassium 
salts (30,31) were used as starting materials for numerous reactions, including the synthesis 
of tetracarbomethoxy ellagate (32). Reitze1 extended this work, developing preparations of 
the mono-, di-, tri- (28) and tetra-sodium salts (29). 
Tetragalloyl- (33) and digalloylellagic acid (34) were prepared0* from tetra (tri-
carbomethoxy-galloyi) ellagic acid (35) and dicarboethoxyellagic acid (36) respectively by 
'X'X 'XA 
Reichel and Schwab . Hewitt and Nelson synthesized a phenoxyacetic acid derivative of 
ellagic acid, 3,3'-di-carboxymethoxyellagic acid (37), by reacting ellagic acid with sodium 
chloroacetate in hot sodium hydroxide solution. 
Reactions are represented in Schemes 1 and 2 (pages 8 and 9) 
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Scheme 335'36 - Preparation of 3.3,-di-0-methvlellagic acid and 3.3,.4-tri-0-
methylellagic acid 
Reagents: (I) pyridine, water 
(II) C H 2 N 2 
(III) N a O H followed by HC1 
(TV) N a O H followed by HC1 
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(53) 
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Scheme 435'36 - Synthesis of 4.4'-di-Q-methvlellagic acid 
Reagents: (I) K 2 C0 3 , KI, benzyl chloride 
(II) N a O H followed by HC1 
(III) K 2 C0 3 , (CH3)2S04 
(IV) acetic anhydride, cone. H2S04 
(V) dioxane,NaOH 
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Reagents: (I) K2CO3, KI, acetophenone, benzyl chloride 
(II) KOH,dioxane 
(HI) C H 2 N 2 
(IV) K O H , benzyl chloride followed by K O H , methanol 
(V) benzene, SOCl2 
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Jurd ' refined the earlier work of researchers to prepare 3,3'-(38) and 4,4'-di-0-methyl 
ellagic acids (39). The 3,3',4-trimethyl ether (40) was also preparedY . In nature, the 3,3'-
dimethyl ether (38) has been isolated from the roots of Euphorbia formosana31', and the 
3,3',4-trimethyl ether (40) from the bark of Eugenia maire38. Ultraviolet studies by Jurd36 
determined the structure of the C-benzylation product of ellagic acid, ellagorubin (41). 
Based upon the findings of this work, the structure proposed for ellagorubin (42) by 
Schmidt et al39 was revised to (41). 
Basic amino acid salts of ellagic acid were prepared from reaction in methanol by 
Murakami40. Hochstein41'42 reacted ellagic acid with choline and triethylamine in N,N-
dimethylformamide to prepare water-soluble dicholine and bis-triethylamine salts of the 
acid (43,44). 
Tetrabenzylellagic acid (45) was synthesized by Schmidt et al43. The lactone rings of this 
acid (45) were then opened by reaction with alcoholic potassium hydroxide to yield 2,2'-
dihydroxy-3,4,3',4'-tetrabenzyl-6,6'-diphenic acid (46). The acid (46) and diazomethane 
reacted to yield the methyl ester (47). Reaction of 2,3,4,2',3',4'-hexabenzoxy-6,6'-
diphenic acid (48) with thionyl chloride in benzene afforded the acid chloride (49)v. 
Reaction of ellagic acid with diphenyl dichloromethane produced bis-(diphenyl-methylene 
dioxy) ellagic acid (50), upon which a series of similar reactions were performedr. 
Schimdt et al44 synthesized octamethyl valonic acid (51) from 4,4'-diacetyl ellagic acid 
T
 Reactions are represented in Schemes 3 and 4 (pages 11 and 12) 
v
 Reactions are represented in Scheme 5 (page 13) 
r
 Reactions are represented in Scheme 6 (page 14) 
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Scheme 7^ - Preparation of octamethyl valonic acid 
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Scheme 7 (cont.)44 - Preparation of octamethyl valonic acid 
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Scheme 847 - Further derivatives of tetrabenzvlellagic acid 
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(53). The process involved the use of potassium hydroxide to open the lactone rings of 
3,3'-dimethyl-4,4'-dibenzyl ellagic acid (55) to give 2,2'-dihydroxy-3,3'-dimethoxy-4,4'-
dibenzoxy-6,6'-diphenic acid (56). Reaction of dimethyl 4-hydroxy-2,3,2',3',4'-
pentamethoxy diphenate (57) with bromotrimethyl gallic acid yielded the octamethyl 
valonic acid product"1. 
The optical activity of 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenic acid and related 
compounds was studied by Schimdt and Demmler45. Treatment of tetramethylellagic acid 
with aqueous sodium hydroxide solution and dimethyl sulphate gave the dimethyl ester 
hexamethyl ether (12). Haworth et al46 found that the hydrogen peroxide oxidation of 
ellagic acid, at high temperatures, yielded a complex mixture of basic aliphatic acids. 
Methylation of the acids and fractional distillation of the esters, followed by hydrolysis of 
the fractions, gave malonic, oxalic, succinic and ethane-1,2,2-tricarboxcylic acids. 
Kashiwada et al47 synthesized numerous biphenyl derivatives of tetrabenzylellagic acid00. 
Tetrol (58), the reduction product of tetrabenzyl ellagate (45), benzylated to yield 
2,2',3,3',4,4,-hexakis(benzyloxy)-l,r-diphenyl-6,6'-dimethanol (59) and methylated to 
produce 2,2'-dimethoxy-3,3',4,4'-tetrakis(benzyloxy)-1,1 '-diphenyl-6,6'-dimethanol (60). 
Treatment of these derivatives with Mn02 and SOBr2 produced dialdehydes (61,62) and 
dibromides (63,64) respectively. 
Alternatively, dimethyl dimethoxy tetrahydroxy dicarboxylate (47) and hexabenzyl 
dicarboxylic acid (48) were prepared from tetrabenzylellagic acid47. Treatment of the 
J
 Reactions are represented in Scheme 7 (pages 16 and 17) 
* Reactions are represented in Scheme 8 (pages 18 and 19) 
^Sr 
(70) 
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carboxylic acid (48) with diazomethane or C2H 5I/K2C0 3 gave the derivatives (65) and 
(66). Hydrolysis of the dicarboxylate (47) followed by ethylation yielded diethyl 2,2'-
dimethoxy-3,3',4,4*-tetrakis(benzyloxy)-l,l'-diphenyl-6,6,-dicarboxylate(67). 
Alkaline oxidations were performed on Eucalyptus species by Hemmingway and Hillis48, 
who reported that ellagic acid and other extractives were oxidized to light coloured 
products. These workers found that carbonyl groups were introduced into ellagic acid by 
this oxidation process. Ellagic acid has been reduced electrochemically49 to leucoellagic 
acid (68) with a mercury cathode and a nickel anode in the presence of sodium hydroxide. 
Mizusawa, Imai, Sakakibara and Yuasa50 purified ellagic acid by formation of the sodium 
salt in methanol. French chemists51 purified ellagic acid by treating the crude acid (1) with 
amines such as MeNH2 or Et2NH, followed by hydrolysis in sulphuric acid. Previously 
pyridine and A^-dimethylformamide were the solvents used for this purpose. These 
complexes were broken down by treatment with acid. Reitze1 found 7V-methyrpyrrolidone 
to be a useful solvent for recrystallization of the acid (1). 
1.5 Complexing and co-ordination comvounds. 
Hewitt and Nelson34 studied the complexing ability of ellagic acid with various cations and 
reported derivatives of ellagic acid containing barium, calcium, magnesium and sodium. 
Ellagic acid metal complexes are not always of stoichiometric composition. It was not 
possible to produce a 1:1 ellagic acid to metal complex; however, under severe conditions, 
0.9 atoms of magnesium per one molecule of ellagic acid have been produced . Ratios of 
two molecules of ellagic acid to one metal ion are most common. Hewitt and Nelson thus 
postulated a polymeric complex structure (69). Inactivation of the two pairs of hydroxyl 
(CH3)4NO 6N(CH3)4 
O OH 
(CH3)4NO 
(CH^NO ON(CH3)4 
ON(CH3)4 
(CH3)3(C6H5)NO ON(C6H5)(CH3)3 
O OH 
(CH3CH2)3(C6H5)N6 — f ^ ([ \-ON(C6H5XCH2CH3)3 
O OH 
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groups in ellagic acid, as a result of the formation of metal-ellagic acid complexes, would 
explain why, at a high pH, these complexes do not show the susceptibility to oxidation 
normally expected in vicinal trihydroxyphenols52. 
Basu and Enemark synthesized a novel paramagnetic ellagate complex containing two 
oxomolybdenum centres (70). Ellagic acid also forms complexes with various organic 
solvents such as AyV-dimethylformamide, pyridine, dimethyl sulphoxide and ethylene 
glycol34. Reitze1 reported ellagic acid complexes of 1,4-butyrolactone and A/-
methylpyrrolidone. In all cases, a 1:1 or 1:2 complex of the acid (1) with the solvent was 
observed. 
In 1988, Zhang and Chen54 investigated the synthesis and complexing ability of 
macroporous ellagitannic acid resin. The resin easily adsorbed Cu2+, Ce3+, Fe3+ and La3+. 
The effect of ionic concentration upon adsorption was analysed, and predictably it 
increased with increasing ionic concentration. Even at low concentration (25 //g/cm3), 65% 
adsorption for Fe3+ was observed, indicating that ellagic acid had potential as a metal 
precipitant. Harm55 prepared and tested numerous ellagic acid salts (71-74) for their 
suitability as metal precipitating agents for the treatment of wastewater. Sioumis56 used 
ellagic acid to remove Fe3+, Fe2+ and Cu2+ ions from dilute aqueous solutions. These ions 
can also be removed from solutions containing other metal ions, thus bringing about the 
purification of metals, which is of great value in hydrometallurgical leach liquors. 
/. 6 Significance of ellagic acid in the paper and pulping industries. 
The presence of phenolic compounds such as gallic acid and ellagic acid inhibit the 
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sulphite pulping process57. These compounds can be responsible for the corrosion of 
carbon steel digesters owing to their affinity for binding metal ions58'59, together with the 
insoluble nature of the resultant product. Problems encountered in the production of paper 
and pulp products, due to significant amounts of ellagic acid in the heartwoods of 
eucalypts, include diminished pulp yield, high chemical consumption, dark colour of 
unbleached pulps, poor burning properties of black liquors, and deposits formed by 
alkaline earth metal complexes of the acid (i)34'57>60. The discolouration of newsprint has 
also been attributed to ellagic acid57. 
Ellagic acid is extensively decarboxylated to 2,2',3,3',4,4'-hexahydroxydiphenyl (75) 
during kraft and soda pulping (Figure 1.2)61. The latter compound is rapidly oxidized to a 
black amphoteric material. The black liquors obtained from kraft and soda pulping of 
eucalypts produce, upon evaporation, very viscous liquors, more than three times the 
viscosity of liquors from pine. These spent liquors, combined with accumulated metal 
complexes of ellagic acid on the evaporator surface, considerably reduce the efficiency of 
the evaporation process. The result is a low throughput rate and unsatisfactory burning of 
the black eucalypt liquor in the recovery furnace. Hard crusts and smelts in the furnace and 
large amounts of unburnt carbon in the ash hinder the efficient recovery of soda. 
The presence of ellagic acid, gallic acid and ellagitannins in the pulping plant can cause 
corrosion of iron vessels according to the reaction scheme outlined in Figure 1.362. Perry63 
minimized this problem when he showed that polished, stainless steel digestors and pipes 
were far less susceptible to corrosion by ellagic acid than those made from mild steel. 
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Green crystalline pipe deposits formed during the neutral sulphite pulping of eucalypts 
result from the calcium, magnesium, iron and sodium found in the wood complexing with 
ellagic acid34. Accumulation of these complexes in the pipe system lead to losses in heat 
transfer and reduction in the liquor flow rate, necessitating frequent shutdown of the plant 
for cleaning by acid treatment. 
Reports by Baklien64 show that the parameters employed for wood pulping in the first 
stage of a continuous digester, pH 9-12 and temperatures 110-150°C, are ideal conditions 
for the formation of the insoluble, green 1:1 alkaline earth ellagate. Baklien64 found the 
alkaline earth metals originate from the wood, with sufficient amounts being present to 
react with all of the available ellagic acid. 
Washing the wood chips prior to alkaline pulping to extract water-soluble ellagic acid 
glycosides, can minimize the amount of ellagic acid entering the process. At present, 
however, this procedure is not commercially viable. 
Older trees contain greater concentrations of ellagic acid than younger ones. Further, the 
acid (1) is distributed in higher concentration in the outer heartwood zones than the inner 
zones57. The use of young logs with small diameters may therefore minimize the 
difficulties encountered during pulping. The quantity of ellagic acid present also varies 
from species to species. For example, Eucalyptus regnans contains less ellagic acid and 
gallic acid on average than other eucalypts such as Eucalyptus gigantea5''. Selection of 
species that contain minimal amounts of these acids reduces the likelihood of problems in 
the pulping process. 
(76) 
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1.7 Physiological and pharmacological properties of ellagic acid. 
Ellagic acid exhibits an extended aromatic system that apparently enables it to form 
charge-transfer type complexes, a property that may play a part in its numerous 
physiological and pharmacological effects. 
Studies65'66 have shown that ellagic acid is well tolerated by both animals and humans, 
with no evidence of systemic toxicity, even at high doses. Doyle and Griffiths67 studied the 
metabolism of ellagic acid and the distribution of its metabolites in the rat. The major 
metabolite was identified as the non-toxic 3,8-dihydroxy-6//-dibenzo[7j,<f]-pyran-6-one 
(76). W h e n administered intravenously to humans66, the acid (1) induced a 
hypercoagulable state characterized by shorter bleeding time 8 and whole blood clotting 
time69, detectable in concentrations as low as 10"8M for up to 24 hours. 
Ellagic acid, when administered to mice, provided enough sedation to protect them from 
death by electroconvulsive shock70. The acid (1) has also been shown to be a potential 
abortive agent in mice71, with the incidences of abortion increasing in pregnant mice that 
have been administered ellagic acid during days 8, 12 and 16 of pregnancy. Upon 
amputation of their tails, rats treated with ellagic acid experienced reduced bleeding 
CO 
compared with untreated rats . 
Administration of the acid (1) to irradiated rats72 decreased the intensity of post traumatic 
TX 
haemorrhage compared with irradiated animals not receiving the treatment. Studies 
indicate ellagic acid suppresses the cutaneous reactivity of guinea pigs with active delayed 
hypersensitivity. 
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Mammalian plasma, when exposed to glass, aquires the capacity to accelerate clotting. 
This effect of glass surfaces is mediated through activation of the Hageman Factor74, a 
compound which plays a role in the first identified step of blood coagulation. Highly dilute 
solutions of ellagic acid have also been reported75 to activate the Hageman Factor. 
Ellagic acid has the property of inducing clotting in vivo. When the acid (1) is injected 
intravenously in dogs68, the clotting time decreased from control values of 70 minutes to 
between 8 and 14 minutes; the values obtained by measuring the clotting time in glass 
tubes. It is as if the circulating blood had been exposed to glass surfaces. Infusion appeared 
non-toxic, with a transient decrease in blood pressure and an increase in the rate of 
respiration the only observed side effects. 
It has been suggested1 that ellagic acid may in fact be a valuable agent for the control of 
abnormal oozing and bleeding, as a decrease in bleeding from femoral veins, open wounds 
and needle puncture sites in exposed vessels is observed after treatment with ellagic acid65. 
Ellagic acid has been found to be inactive as an anticoagulant agent76. 
Girolami77 demonstrated that lyophilized ellagic acid could cause hyperconjunction, the 
fusion of two similar cells for reproduction. Lyophilized ellagic acid administered, in 
conjunction with lyophilized plasma, to patients with severe haemophilia enhanced the 
effect of a transfusion and was able to cure the defect completely. Ellagic acid has been 
shown to be a moderately active inhibitor of human immunodeficiency virus reverse 
transcriptase, considered a useful approach in the prophylaxis and intervention of acquired 
immunodeficiency syndrome . 
(77) R!=R2=R3=CH3, R4=S03K 
(78) R1=R2=R3=R4=S03K 
(79) R!=R3=CH3, R2=R4=S03K 
(80) Ri=R3=CH2CH3, R2=R4=S03K 
(81) R,=R3=n Pr, R2=R4=S03K 
(82) R!=R3=iso Pr, R2=R4=S03K 
(83) R1=R3=S03K, R2=R4=CH3 
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The sulphation of ellagic acid with H S 0 3 C 1 in pyridine was performed by Nakayama et 
*7Q 
al . Ellagic acid and numerous sulphated derivatives (77-83) have proven useful for the 
treatment of diabetes. The enzyme aldose reductase, along with the coenzyme 
nicotinamide adenine dinucleotide phosphate, catalyzes the reduction of glucose to 
OA OI 
sorbital ' . Ellagic acid is a potent aldose reductase inhibitor and m a y be useful in 
decreasing the accumulation of sorbital in many tissues of diabetic animals80'81. Aldose 
reductase inhibitors, such as ellagic acid, may also play an important role in management 
of diabetic complications such as cataract, neuropathy, retinopathy and nephropathy80'81. 
HO 
Ellagic acid has exhibited anticarcinogenic activity in both in vitro and in vivo systems . 
0-3 
The acid (1) has been found to display antimutagenic and anticarcinogenic effects against 
four types of chemical carcinogens: polycyclic aromatic hydrocarbons, 7V-nitrosamines, 
aflatoxin Bi and reactive amines. 
Wood and workers84'85 first described the ability of ellagic acid to inhibit the mutagenicity 
of bay-region diolepoxides such as benzo[a]pyrene-7,8-diol-9,10-epoxide (84). It was 
postulated that ellagic acid acts as a prophylactic agent against carcinogens by occupying 
the cytidylyl (3'->5') guanosine dimer sites in DNA, preventing the formation of 
mutations by inhibiting the interaction between carcinogen and DNA84'85. Subsequently, it 
was shown18 that the carcinogenicity of aflatoxin Bh N-methyl-N-nitrsourea, 3-
methylcholanthrene and 7,12-dimethyl[a]anthracene were also inhibited by ellagic acid. 
A postulated18 mode of anticarcinogenic activity of ellagic acid is through selective 
inhibition, where an ellagic acid-DNA complex masks or protects the 06-guanine site from 
methylation. DNA methylation has long been implicated as a source of mutagenesis and 
(85) 
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carcinogenesis. Mandal suggested that ellagic acid inhibits polycyclic aromatic 
hydrocarbons by (i) inhibiting their metabolism, (ii) promoting their detoxification and (iii) 
serving as a scavenger of the reactive metabolites produced. 
The acid (1) is an antioxidant known to inhibit skin tumor initiation and complete 
carcinogenesis by polycyclic aromatic hydrocarbons, but its antitumor promoting activities 
have not been tested 7. Ellagic acid is an antioxidant as effective, if not better than, a-
tocopherol or tert-butylhydroxyanisole, and it inhibits lipid peroxidation87. The diaza 
analogue (85) of ellagic acid has been shown to be a potent DNA-gyrase inhibitor88. 
Skin papillomas and carcinomas caused by the potent tumor promoter 12-0-tetradecanoyl-
phorbol-13 -acetate are inhibited by ellagic acid and gallic acid87. The acids prevent the 
induction of epidermal ornithine decarboxylase activity, hydroperoxide production and 
8*7 8Q 
D N A synthesis . Cigarette filters impregnated with ellagic acid have been patented 
based upon the compound's ability to bind with various carcinogens. 
Daniel et al90 undertook studies to determine the levels of ellagic acid in the human diet, 
and concluded the average intake to be 0.94 mg per person per day. Given the acid (1) is 
present in a wide variety of foods90 including strawberries, blackberries, cranberries, 
raspberries, pecans and walnuts*, it is conceivable that the periodic consumption of such 
foods may assist in the inhibition of carcinogens. Studies by Smart91, however, 
demonstrated that ellagic acid was poorly absorbed and most of it was excreted in the 
* A table of various foods in which ellagic acid is found is in included in Appendix 1 
H H OHH 
OH- [HO-CH2-C-C-C-C-CH2-NHCH3l2 
JTT A T T IT rvTJ OH OHH OH 
(86) 
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faeces and urine. A s ellagic acid is rapidly eliminated and poorly absorbed, its 
effectiveness as an anticarcinogen may be limited. 
The major disadvantage of the use of ellagic acid for pharmacological purposes is that it 
must be injected intravenously, where it is a useful haemostatic agent92. Uzan93 prepared 
the haemostatic and antihaemorrhagic methyl glucamine ellagate (86) by combining ellagic 
acid with methyl glucamine in water. Murakami et al40'94 used the amino acids L-lysine, L-
ornithine and L-arginine to prepare water-soluble salts of the acid (1). No known salts or 
other derivatives of ellagic acid have been found to be active when administered orally. 
Creams containing ellagic acid have been patented for use as cosmetic skin whiteners95. 
These preparations moisten and lighten the skin without irritation or allergy96. Remarkably, 
improved skin regeneration has been observed in patients using antiinflammatory and 
Q"7 
wound healing topical skin preparations containing ellagic acid . Sunscreens containing 
the acid (1) have also been patented as protection from harmful ultraviolet sunlight98. 
Ellagic acid has found use as an additive in formulations used as dental plate cleansers and 
adhesives". The acid (1) also functions as a food additive to inhibit glucosyl transferase 
production in the mouth, thus preventing dental plaque100. 
1.8 Advantages and problems of ellagic acid in industry. 
Oxidative rancidity leads to unpalatable flavours and odours in a wide variety of food 
products. Ellagic acid has been used to inhibit lipid oxidation in fish101. Sakikibara et al102 
prepared ellagic acid glycosides (87) which have high water solubility and are useful as 
antioxidants for edible fats and oils. Both ellagic acid and gallic acid act as potent 
antioxidants in the presence of ascorbic acid, and also as effective inhibitors of copper-
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induced oxidation of ascorbic acid103. The metal chelating properties and free radical 
scavenging of these tannins is thought to be responsible for these properties. 
Precipitation of ellagic acid causes the turbidity present in numerous beverages, including 
raspberry juices and syrups104,105. The presence of citric, hydrochloric and tartaric acids 
favours the separation of ellagic acid. The precipitate should be allowed to settle and 
decanted off to clear the liquid. 
During traditional wine aging in oak barrels, reaction of the wood with acidic components 
of the wine precipitates ellagic acid. The acid (1) sediment has been reported in white 
muscadine juice106, muscadine wine107 and loganberry wine108, where it causes undesirable 
haze and turbidity. Ellagic acid, gallic acid and methyl gallate have been identified in 
brandy109. Brandy is matured in oakwood barrels to develop organoleptic qualities created 
by the presence of ellagitannins in the wood. The acid (1) is also believed to be a 
contributing factor of the haze observed in some beers110. 
In the building industry, ellagic acid is added to concrete and mortar formulations where it 
regulates setting time, increases plasticity and inhibits corrosion111. Ellagic acid has been 
110 
used as an additive in the insulation that encapsulates semiconductive devices . The acid 
(1) improves the electroconductive properties of semiconductors by removing impurities 
through chelation and corrosion inhibition . 
Gallic acid is commercially useful. Based upon its property of being a powerful reducing 
agent, it is employed for the reduction of gold and silver salts in photography. Gallic acid 
is used in the manufacture of blue and black writing inks27. The latter usually contains 
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gallic acid, ferrous sulphate, gum, minimal amounts of hydrochloric and sulphuric acids, 
and phenol to prevent mould growth. The acids are neutralised by alumina in the paper and 
oxidation occurs with deposition of the blue-black ferric complex of gallic acid. Gallic acid 
and gallamide are used for the manufacture of gallocyanide dyes, mordant dyes of the 
oxazine series, largely used in calico printing. In 1887, Meister, Lucius and Bruning27 
manufactured a mordant dye of ellagic acid and marketed it as "Alizarin yellow in paste". 
In the tanning industry, animal skins are cured by tannins to make leather27. If ellagic acid 
glycosides remain soluble in the tanning solution, the ellagic acid is absorbed into the hide, 
adding weight and bloom to the finished product. Decomposition of the glycosides can 
cause ellagic acid to precipitate on the animal skin, resulting in the formation of 
undesirable blotches on the hide. Once ellagic acid precipitates out of solution, it ceases 
being useful as a tanning agent. Large volumes of the acid (1) are thus discarded annually. 
1.9 Aims of research. 
Significant quantities of ellagic acid and its metal salts, in the form of waste byproduct, are 
readily available from both the pulping and tanning industries should a feasible 
commercial use for the acid (1) be found. The purpose of this work was to prepare key 
derivatives of ellagic acid and assess their feasibility for use on a commercial scale. To 
accomplish this, it was first necessary to prepare ellagic acid in high yield. 
1.9.1 Preparation ofquinoidal derivatives of ellagic acid. 
The synthesis of quaternary compounds with anticarcinogenic properties by Cain114"119 
combined with the reported antimutagenic and anticarcinogenic effects of ellagic acid18'82" 
88
, suggested that the preparation of similar salts derived from the quinoidal ellagorubin 
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may be of merit. Other derivatives, such as 3,3'-di-0-methylellagic acid, m a y demonstrate 
potential as monomers in polymerization reactions and were therefore considered worthy 
of investigation. 
1.9.2 Preparation of ellagic acid derivatives for polymerization. 
Based upon the work of Schimdt and Demmler45, whereby the tetramethyl ether (14) was 
converted into 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenic acid in high yield, it was 
envisaged that numerous derivatives could be prepared from tetramethylellagic acid and 
the diphenic acid (11), which may prove useful as intermediates in polymer production. 
This premise is dependent upon the development of a high yielding economical method for 
the preparation of the tetramethyl derivative (14). Once prepared, these polymer precursors 
would be tested for their reactivity in basic polymerization reactions. 
1.9.3 Examination of water-soluble ellagates as metal precipitants. 
Numerous workers have shown that ellagic acid forms stable complexes with metal 
ions34'52'54'56'57'64'120"123. Taking into account previous work by Reitze1, it was considered 
worthwhile to prepare quaternary alkylammonium ellagate salts from numerous quaternary 
alkylammonium methoxide solutions (as similar bases have been shown to give rise to 
salts stable to oxidation124'125). If sufficiently water-soluble, these compounds are to be 
examined for their effectiveness as metal chelating agents. 
1.9.4 Investigation of ellagic acid and its derivatives as wood preservation agents. 
Mamers and McCarthy126 recently demonstrated the toxicity of metal complexes to wood 
destroying fungi. In addition to the decay resistance observed in eucalypts due to 
polyphenol^ materials127,128, ellagic acid has been shown to exhibit activity against fungi6, 
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yeasts7, insects8'9 and algae10. Stable ellagate complexes are widely 
reported34'52,54,56,57,64,120"123, thus, it was proposed that timber treated with ellagate 
derivatives chelated with metal ions may provide wood with protection to fungal decay. 
Further, such treatments may alter the physical characteristics of the timber and affect such 
properties as dimensional stability and moisture uptake and movement. 
The nomenclature used throughout this work is based upon the system of Jurd ' . 
COOCH2CH2CH3 
CH3 
COOCH 
CH3 
COOCH2CH2CH2CH3 
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CHAPTER 2 ELLAGIC ACID PREPARATION AND DERIVATIVE 
CHEMISTRY. 
2.1 Ellagic acid preparation. 
A preliminary investigation into the most efficient method of producing ellagic acid 
was conducted as the traditional supply of ellagates from the pulping mills was 
unavailable. 
2.1.1 Synthesis of gallic acid esters. 
A solution of gallic acid (5 g) in methanol (50 cm3) and 18M sulphuric acid (2 cm3) 
was refluxed for 3 hours129. The resulting yellow-brown solution was cooled and solid 
sodium bicarbonate added until the effervescence ceased. Methanol was removed by 
rotary evaporation, giving a pale brownish solid which was recrystallized from boiling 
water to quantitatively yield pure methyl gallate as white crystals, m.p. 200°C (lit.130 
202°C). vraax (KBr): 3540, 3405 (free OH), 3300 (H-bonded OH), 2950 (aromatic C-
H), 1675 (ester C=0), 1615, 1540, 1465, 1440 (aromatic C=C), 1310 (phenol OH), 
1260 (ester C-O) and 1205 cm"1 (phenol C-O). 
The ethyl, propyl (88), isopropyl (89) and butyl (90) esters of gallic acid were also 
prepared by this esterification method. Modifications to the method and results are 
summarized in Table 2.1 
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Ester 
Ethyl gallate 
Propyl gallate (88) 
Isopropyl gallate (89) 
Butyl gallate (90) 
Reflux time 
6 hours 
30 hours 
36 hours 
48 hours 
Alcohol volume 
75 cm3 
75 cm3 
75cmJ 
100 cm3 
Yield 
100% 
92% 
70% 
52% 
M.P. 
156°C 
148°C 
123°C 
143°C 
M.P. lit.130 
158°C 
150°C 
124°C 
143°C 
Table 2.1 - Preparation of gallic acid esters 
10Q 
Numerous esters were prepared by the Fischer-Spier esterification of gallic acid. 
Both methyl and ethyl gallate were produced quantitatively; although a longer 
reaction time and greater alcohol volume was necessary in the latter. The propyl (88), 
isopropyl (89) and butyl (90) esters were prepared in yields of 92%, 70% and 52% 
respectively, even though each reaction time was lengthened considerably (Table 2.1). 
Esterification most likely became more difficult as the alkyl groups became larger, 
with the equilibrium constant increasingly favouring the reactants. The esterification 
reaction employed involves an acyl-oxy substitution mechanism which proceeds by 
the protonation of the carbonyl oxygen atom, forming a conjugate acidic ion (or 
oxonium ion)129. This ion undergoes a nucleophilic exchange reaction with an alcohol 
molecule, which approaches along the line of the C-O dipole, and finally the loss of a 
proton regenerates the acid catalyst and yields the ester129. These higher esters were 
prepared, as it was considered that the different alkyl ester groups may have varying 
effects upon the ease of radical formation. 
o. 
to-
H4N+' 
f 
0 
y 
o-
-0 
y 
0 
y 
+NH4 
-0"+NH4 
(91) 
O 
/~ 
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2.1.2 Preparation of ellagate salts. 
Both ammonium (91) and sodium (29) ellagate are believed to form via a free radical 
coupling mechanism, which generates the unstable hexahydroxydiphenic acid. This 
acid (75) readily lactonizes by an intramolecular transesterification step to give the 
ellagate salt. 
It was proposed that the most efficient and inexpensive ellagate salt preparation could 
be identified by investigation of their formation from the gallate esters (18, 20, 88, 89, 
90) prepared in 2.1.1. 
(I) Methyl gallate (20 g) was added to a solution of 29% ammonia (50 cm3) in 
distilled water (350 cm) . The solution turned a deep red colour as the methyl gallate 
dissolved. Dry air was bubbled through the mixture for 48 hours, and the resultant 
product was collected by filtration and dried to yield ammonium ellagate as a pale 
brown powder (12.4 g, 33%), m.p.>360°C (lit.16 >360°C). vmax (KBr): 3320, 3210 
(NH44), 2915 (aromatic C-H), 1680 (8-lactone C=0), 1550 (aromatic C=C), 1200 
(ester C-O) and 1120 cm"1 (ester C-O). 
The ethyl, propyl, isopropyl and butyl gallates were similarly reacted to give 
ammonium ellagate (summarized in Table 2.2). 
(II) The procedure previously described (1) was repeated using the conditions of 
Nierenstein131 who substituted an aqueous solution (400 cm3) of 0.75M sodium 
bicarbonate for the ammoniacal solution. Sodium ellagate was isolated as a pale green 
powder (39% yield), m.p>360°C (lit.131 >360°C). vmax (KBr): 3300 (H-bonded OH), 
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I Gallate 
1 Methyl gallate 
N a ( C 0 3 ) 2 
o2 
39% 
Ethyl gallate 3 1 % 
1 
Propylgallate 
Isopropyl gallate 
1 Butyl gallate 
24% 
20% 
23% 
UV 
58% 
35% 
27% 
23% 
22% 
NH3 
o2 
33% 
28% 
18% 
20% 
21% 
UV 
45% 
34% 
22% 
21% 
22% 
Table 2.2 - Preparation of ellagate salts 
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1670 (8-lactone C=0), 1365 (phenol OH), 1215 (phenol C-O) and 850 cm"1 (1 free 
aromatic hydrogen). XmaK: 255,280 and 360 nm. 
The ethyl, propyl, isopropyl and butyl gallates were similarly reacted to give sodium 
ellagate (summarized in Table 2.2). 
(Ill) Methyl gallate (20 g) in aqueous 0.75M sodium bicarbonate solution (400 cm3) 
OH 
was irridated using an ultraviolet probe for 72 hours in a beaker covered with 
reflective aluminium foil. The resultant sodium ellagate was filtered and dried (58% 
yield), identified by comparison of the infrared spectrum with that of an authentic 
sample. 
The ethyl, propyl, isopropyl and butyl gallates were similarly reacted to give sodium 
gallate (summarized in Table 2.2). 
(IV) Ammonium ellagate was also prepared by a slight variation of the ultraviolet 
irradiation procedure reported by Reichal et al28. A solution of ammonia (50 cm3) and 
water (350 cm3) was substituted for the sodium bicarbonate employed by Reichal et 
al28. The resultant ammonium ellagate was filtered and dried (16.9 g, 45%), 
m.p.>360°C (lit.16 >360°C) and identified by comparison of the infrared spectrum 
with that of an authentic sample. 
The ethyl, propyl, isopropyl and butyl gallates were similarly reacted to give 
ammonium ellagate (summarized in Table 2.2). 
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The results of the investigation into ellagate formation clearly establish that the 
sodium salt (29) forms more readily than the ammonium salt (91). The yields of these 
reactions also suggest that methyl and ethyl gallate generate radicals 8-20% more 
effectively than the other gallates (88, 89, 90) which were trialed. 
The use of the ultraviolet probe proved to be far more efficient in generating free 
radicals as opposed to the aeration of similar solutions. The ultraviolet irradiation of 
sodium carbonate, although producing the greatest yield of ellagate, was deemed 
unsuitable for this work due to the fact that the only available probe was too small for 
the production of large quantities of material within a realistic timeframe. 
2.1.3 Hydrolysis of ellagate salts. 
Washing of both sodium and ammonium ellagates with hydrochloric acid gave crude 
ellagic acid in quantitative yields. 
Hydrolysis of the ammonium ellagate and sodium ellagate salts was performed by the 
method of Reitze1. The ellagate salt (30 g) was heated under reflux with 2M 
hydrochloric acid (400 cm3) for one hour. The precipitate was collected by filtration, 
washed with water and dried to quantitatively yield crude ellagic acid, m.p>400°C 
(lit.1 478°C). vmax (KBr): 3460, 3340 (free O-H), 3100 (H-bonded OH) and 1710 cm"1 
(8-lactone C=0). 
OH 
(92) 
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2.1.4 Synthesis of ellagic acid by persulphate oxidation. 
on 
Perkin and Nierenstein described the oxidative coupling of gallic acid by potassium 
persulphate in a 34% yield. An investigation of this reaction was carried out in an 
attempt to increase the yield. 
Gallic acid (5 g) was dissolved in a boiling solution of glacial acetic acid (50 cm ) and 
sulphuric acid (3 cm ) . Potassium persulphate (5 g) was slowly added, and upon 
cessation of the vigorous reaction, the solution was heated gently to boiling and 
allowed to stand for 30 minutes before being poured into water (500 cm ). The solid 
material was collected by filtration to yield crude ellagic acid (2.8 g, 31%), 
m.p.>400°C (lit.1 478°C). vmax (KBr): 3455, 3340 (free OH), 3100 (H-bonded OH) 
and 1715 cm"1 (5-lactone C=0). 
Use of methyl, ethyl, propyl, isopropyl and butyl gallates in place of gallic acid 
afforded yields of 39%, 28%, 26%, 25% and 23% respectively. 
Coupling trials were conducted on gallic acid and the previously prepared gallates 
(18, 20, 88, 89, 90). A slight improvement of ellagic acid production was obtained 
from methyl gallate, with a yield of 39% being observed. Other gallates (18, 88, 89, 
90) afforded ellagic acid in lesser yields, ranging from 23% to 28%. 
No attempt was made to change the ratio of glacial acetic acid and sulphuric acid, as 
Perkin27 had found that alteration of this ratio led to the formation of the over 
oxidation product flavellagic acid (92). An increase of glacial acetic acid resulted in a 
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decreased yield of ellagic acid and flavellagic acid formation increased with addition 
of more sulphuric acid. 
2.1.5 Purification of ellagic acid. 
Purification of the crude ellagic acid was carried out by dissolving it (1) (10 g) in A/-
methylpyrrolidone (200 cm3)1. Any insoluble material was filtered off and discarded 
before pouring the solution into water (1000 cm3) from which the JV-
methylpyrrolidone-ellagic acid complex precipitated. Drying this complex at 120°C 
afforded pure ellagic acid (9.5 g, 95%), m.p>400°C (lit.1 478°C). vmax (KBr): 3460 
(free OH), 3140 (H-bonded OH), 1715 (5-lactone C=0), 1610, 1580, 1505, 1440 
(aromatic C=C), 1330 (phenol OH), 1190 (phenol C-O), 1105, 1050 (ester C-O) and 
880 cm"1 (1 free aromatic hydrogen). Xmax: 255 and 363 nm. 
Formation of the A^methylpyrrolidone-ellagic acid complex was performed by the 
procedure of Reitze1. Decomposition of the complex by heating at 120°C afforded 
pure ellagic acid from the crude material in 95% yield. The synthetically prepared 
ellagic acid was identified by ultraviolet and infrared spectroscopic comparisons with 
authentic samples1. 
Throughout this work, the aerial oxidation of methyl gallate in sodium bicarbonate 
was used to prepare ellagic acid, as large amounts of material could be prepared 
simply and in a short period of time. Although the same yield (39%) was achieved by 
the persulphate oxidation of methyl gallate, the starting materials were somewhat 
more expensive and hence inappropriate. 
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O 
(41) 
CH2C6H5 
CH2C6H5 
(I) 
C6H5CH2 
C 6H 5CH2 
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CH2C6H5 
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CH 3 0 
NH2 
OCH3 C6H5CH2-" Y "OCH3 C6H5CH2 
NH2 
NH2RX" 
CH2C6H5 
OCH3 
NH2KXT 
Reagents: (I) (CH3)2S04, K2C03, acetone 
(II) Na+, methanol, 2 M HC1 
(III) methanol, cone. HC1 
(IV) potassium nitrosodisulfonate, KH2P04, D M F 
(V) CH3COONH4, NaBH3CN, (CH3)4NC1, methanol, cone. HC1 
(VI) 2 5 % alkylammonium methoxide 
Figure 2.1 - Proposed pathway for the synthesis of quaternary salts of ellagorubin 
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2.2 Ouinoidal derivatives of ellagic acid. 
Studies by Cain _1 9 have shown that the quaternarization of selected amine 
compounds gives rise to salts exhibiting antileukemic activity. These workers114"119 
postulated that the overall planarity of these lipophilic-hydrophilic balanced and fully 
ionized agents, combined with their ability to intercalate, may be responsible for the 
biological activity they demonstrate. Given the reported antimutagenic and 
anticarcinogenic effects of ellagic acid18'82"88, it was proposed (Figures 2.1 and 2.2) 
that the reductive amination of di-O-methylellagorbin (93), and the subsequent 
quaternarization of the amine may lead to compounds displaying enhanced 
anticarcinogenic properties. Similar quaternary salts may be prepared by the oxidation 
of 3,3-di-0-methyl-5,5'-di-C-benzylellagic acid (95) followed by reductive amination 
and quaternarization. Alternatively, an analogous series of compounds may be 
synthesized from di-O-benzylellagorubin (96). 
2.2.1 Benzvlation of ellagic acid. 
Ellagorubin, the quinoidal C-benzylation product of ellagic acid, was synthesized by 
the method of Jurd35. Recrystallization from acetone afforded orange-red prisms. 
Conversion of the almost colourless ellagic acid to red ellagorubin is due to the 
stabilization of a potentially tautomeric acid form by replacement of the active 
hydrogen atoms with benzyl groups. 
A mixture of pure ellagic acid (3 g), aqueous 5% sodium hydroxide (20 cm3) and 
benzyl chloride (8 cm3) was immersed in a water bath maintained at 70°C. Aqueous 
20% sodium hydroxide (10 cm3) was then added dropwise with mechanical stirring 
over a 1 hour period35. Stirring was continued for an additional hour. Aqueous 50% 
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Reagents: (I) (CH3)2S04, K2C03, acetone 
(II) CH3C00NH4, NaBH3CN, (CH3)4NC1, methanol, cone. HC1 
(III) 25% alkylammonium methoxide 
Figure 2.2 - Proposed pathway for the synthesis of quaternary salts of ellagorubin 
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potassium hydroxide (5 cm3) was then added and stirring continued for another hour. 
After cooling at 0°C overnight, the aqueous layer was decanted from the oily black 
product which had separated from the reaction mixture. The black product was 
washed successively with water (40 cm3), methanol (2 X 30 cm3) and ether (2 X 30 
cm ). The residual gum was then warmed with acetone (100 cm3) and the brown 
acetone solution filtered from the deep blue undissolved solid. 
The blue solid was suspended in water (300 cm3) containing a few drops of 
concentrated ammonia, heated to boiling and filtered. The undissolved solid was once 
more treated with boiling water (200 cm3) and filtered. The deep blue aqueous 
filtrates were combined and acidified with 2M hydrochloric acid. The orange-red 
precipitate was collected and recrystallized from acetone. Ellagorubin (2 g, 30%) 
thereby separated as orange-red prisms, m.p. 219°C (lit.35 219-220°C). 
2.2.2 Synthesis of di-O-methylellagorubin (93). 
The dimethyl ether of ellagorubin was prepared by the methylation procedure of 
Jurd132. A mixture of ellagorubin (2 g), dimethyl sulphate (8 cm3), anhydrous 
potassium carbonate (8 g) and acetone (100 cm ) was heated under reflux for 5 
hours132. The solid was collected and extracted several times with hot chloroform. The 
chloroform extract was concentrated and cooled. Di-O-methylellagorubin (93) (1.6 g, 
77%) separated as orange-red rhombs, m.p 238-239°C (lit.132 241 °C). 
2.2.3 Action of sodium methoxide on di-O-methylellagorubin. 
A methanol addition product of di-O-methylellagorubin was prepared by the method 
of Jurd132. Di-O-methylellagorubin (1.6 g) was refluxed with a solution of sodium (2 
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g) in anhydrous methanol (100 cm3) for 15 minutes132. The dimethyl ether (93) 
gradually passed into solution and the yellow sodium salt began to crystallize out. The 
mixture was cooled, acidified with hydrochloric acid and diluted with water. The solid 
product (94) quantitatively produced was collected and recrystallized successively 
from methanol and benzene-hexane as almost colourless needles, m.p. 158-160°C 
(lit. 159°C). The product did not give a colour with methanolic ferric chloride, but 
dissolved in aqueous sodium bicarbonate to give an intensely yellow solution. 
2.2.4 Preparation of 3,3 '-di-Q-methyl-5,5'-di-C-benzylellagic acid (95). 
Acid hydrolysis of the above methanol addition product (94) by the procedure of 
Jurd132 afforded 3,3'-di-0-methyl-5,5'-di-C-benzylellagic acid (95). 
The above product (94) (2 g) was heated with methanol (40 cm3) and concentrated 
hydrochloric acid (10 cm3) for 10 minutes132. Water was added and the crystalline 
product collected and recrystallized from tetrahydrofuran-methanol, affording a 
quantitative yield of 3,3'-di-0-methyl-5,5'-di-C-benzylellagic acid, m.p. 314-317°C 
(lit.132317-318°C). 
2.2.5 Attempted reductive amination of di-O-methvlellagorubin. 
Di-O-methylellagorubin (0.2 g), ammonium acetate (3.8 g), sodium cyanoborohydride 
(0.2 g), tetramethylammonium chloride (0.1 g) in methanol (50 cm3) and chloroform 
(50 cm3) were stirred at 25° for 48 hours133. Concentrated HC1 was added until pH < 2 
with the deep purple solution becoming orange. A light pink precipitate, m.p. >360°, 
was collected, which when dissolved in water yielded an orange solid (m.p. 240°), 
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identified as unchanged di-O-methylellagorubin by comparison of its infrared 
spectrum and melting point with that of a previously prepared sample. 
Borch demonstrated that under neutral conditions carbonyl groups are reduced to a 
negligible extent by sodium cyanoborohydride, but reductive amination is rapid at pH 
3 - 4 in methanolic solution. Acid is required to maintain the pH as the reaction 
consumes protons. Based upon the solubility of di-O-methylellagorubin in 
chloroform, and the insoluble nature of sodium cyanoborohydride in aprotic, non-
polar solvents, the proposed amination was conducted utilizing phase transfer. The 
successful application of phase transfer to reductive amination has been previously 
reported134. 
Tetraalkylammonium salts are commonly used as phase transfer catalysts in organic 
reactions135. Inorganic nucleophiles are transferred from an aqueous (orotic) phase to 
an organic (aprotic) phase where they are more reactive. When the positively charged 
tetraalkylammonium ion goes into the organic layer, a negatively charged counter ion, 
such as BH3CN", must also move into the organic layer to preserve charge 
neutrality135. 
The failure to reductively aminate di-O-methylellagorubin by phase transfer can be 
attributed to the sluggish reactivity of aromatic compounds in the initial step of imine 
formation133. Further, Catalin models suggested that the amination of the dimethyl 
ether (93) may also be hindered by the bulky phenyl groups attached to the molecule. 
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2.2.6 Attempted synthesis of di-O-methylellagorubin oxime. 
Amines are commonly prepared from ketones via the reduction of oxime 
intermediates . It was envisaged that the synthesis of di-O-methylellagorubin oxime 
may provide an alternate pathway for the synthesis of the target diamine (Figure 2.1). 
Oximes are conveniently reduced to amines by sodium in alcohol, and by the use of 
reducing agents such as sodium cyanoborohydride and lithium aluminium hydride135. 
A mixture of di-O-methylellagorubin (1 g), hydroxylamine hydrochloride (1 g), 
ethanol (10 cm3) and pyridine (3 cm3) was refluxed for 2 hours129. After cooling, the 
alcohol was removed from the solution under reduced pressure. Water (10 cm3) was 
added to the cooled residue and stirred in an ice bath overnight. The precipitated solid 
was filtered off, dried and boiled in ethanol (20 cm3). Unchanged di-O-
methylellagorubin (0.39 g) was isolated from the cooled ethanol, identified by 
comparison of the infrared spectrum and melting point with that of a previously 
prepared sample. 
Based upon the inability to reductively aminate di-O-methylellagorubin directly by 
phase transfer using NaBH3CN, or to prepare the oxime of this compound, further 
reactions to synthesize the target quaternary salts of di-O-methylellagorubin (Figure 
2.1) were not investigated. 
2.2.7 Attempted oxidation of3.3'-di-0-methvl-5.5'-di-C-benzvlellagic acid. 
The selective oxidation of substituted phenols to quinones by Fremy's salt, potassium 
nitrosodisulfonate, has been extensively studied136"139. Solutions of nitrosodisulfonate 
o. 
C6H5CH2 
C6H5CH2 
O 
C6H5CH20 
OCH 2C 6H 5 
O 
CH2C6H5 
CH2C6H5 
O 
(96) 
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salts are most stable in weakly alkaline solutions (pH 10) and decompose rapidly 
when the solution is acidic or strongly alkaline139. 
According to the oxidation procedure of Dann and Zeller140, a solution of potassium 
nitrosodisulfonate (1 g) and potassium dihydrogen orthophosphate (0.4 g) in water (75 
cm3) was added to 3,3'-di-0-methyl-5,5'-di-C-benzylellagic acid (0.3 g) in N,N-
dimethylformamide (25cm ). The reaction mixture was shaken vigorously until the 
violet colour originally present changed to a red-brown. After a further ten minutes, 
yellow needles (0.28 g) separated, identified as unchanged 3,3'-di-0-methyl-5,5'-di-
C-benzylellagic acid by comparison of its infrared spectrum and melting point with 
that of an authentic sample. 
The three step reaction sequence of Kehrmann and Denk141 and the oxidation 
technique of Ramachandran and Sarma142, by periodate ion at pH 5 - 6, may prove 
successful alternatives for the oxidation of 3,3'-di-0-methyl-5,5'-di-C-benzylellagic 
acid. However, given the failure of Fremy's salt, and the cumbersome and low 
yielding nature of the alternative procedures141'142, further study of 3,3'-di-0-methyl-
5,5'-di-C-benzylellagic acid and its derivatives (Figure 2.2) was abandoned. 
2.2.8 Synthesis of di-O-benzvlellagorubin (96). 
The dibenzyl ether of ellagorubin was prepared by the benzylation procedure of 
Jurd132. A mixture of finely powdered ellagorubin (2 g), anhydrous potassium 
carbonate (10 g), potassium iodide (10 g), benzyl chloride (10 cm3) and dry acetone 
(120 cm3) was heated under reflux for 30 hours132. The undissolved solids were 
collected and suspended in water (300 cm3), thereby giving an orange-red crystalline 
C6H5CH2 
C6H5CH20 O — ^ CH2C6H5 
O 
(97) 
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solid (A). The acetone filtrate was evaporated to an oil. Hexane (50 cm3) was added 
and the solution was cooled. A small quantity of orange-red crystalline solid was 
obtained. It was combined with A and recrystallized from chloroform-hexane. Di-O-
benzylellagorubin (96) (2.1 g, 83%) separated as orange-red prisms, m.p. 218°C 
1 "XO 
(lit. 217°C), which did not dissolve in aqueous sodium hydroxide. 
2.2.9 Acid hydrolysis of di-O-benzylellagorubin. 
Acid hydrolysis of di-O-benzylellagorubin by the procedure of Jurd132 afforded 3,3'-
di-0-benzyl-5,5'-di-C-benzylellagic acid (97). 
A suspension of di-O-benzylellagorubin (2 g) in glacial acetic acid (50 cm3) was 
heated to boiling132. Concentrated sulphuric acid (0.5 cm3) was added, and the 
mixture refluxed for 2 minutes. Water (200 cm3) was added and the crystalline 
precipitate collected, washed with acetone and methanol, and recrystallized from 
tetrahydrofuran-methanol. 3,3'-Di-0-benzyl-5,5'-di-C-benzylellagic acid was 
obtained quantitatively as colourless needles, m.p. 312-316°C (lit. 315-320°C), that 
did not give a colour with alcoholic ferric chloride, but dissolved in aqueous alkali to 
give an intensely yellow solution. 
2.2.10 Action of sodium methoxide on di-O-benzylellagorubin. 
A methanol addition product of di-O-benzylellagorubin was prepared by the 
procedure of Jurd132. Di-O-benzylellagorubin (2 g) was refluxed with a solution of 
sodium (4 g) in methanol (100 cm3) for 20 minutes132. The mixture was cooled, 
acidified, diluted with water and filtered. When the solid was recrystallized 
successively from benzene-hexane and methanol, the methanol addition product (98) 
CH3Ov O 
CgH5CH2 
C6H5CH2 
OCH2C6H5 
OH 
(98) 
CH2C6H5 
CH2C6H5 
O OCH3 
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separated as colourless rectangular flakes, m.p. 179°C (lit.132 179-180°C), recoverable 
unchanged on treatment with warm aqueous sodium hydroxide. 
Given the failure to successfully reductively aminate di-O-methylellagorubin (2.2.5) 
and oxidize 3,3'-di-0-methyl-5,5'-di-C-benzylellagic acid (2.2.6), no attempt was 
made to produce quaternary salts of the analogous di-O-benzylellagorubin and its 
related compounds. 
2.3 Further derivatives of ellagic acid. 
It was envisaged that further derivatives of ellagic acid may be useful as intermediates 
in the preparation of polymers. For example, 3,3'-di-0-methylellagic acid may react 
similarly to bisphenol A in polymerization reactions. The preparation of this 
compound (38) from ellagic acid is a 4 step procedure and is outlined in Chapter 1 
(Scheme 3). 
2.3.1 Tetraacetvlellagic acid (52). 
Acetylation of ellagic acid according to the method of Hewitt and Nelson34 gave 
tetraacetylellagic acid (52) from dioxane as cream needles. The infrared spectrum was 
in agreement with the structure of the tetraacetate. 
Ellagic acid (5 g) was heated in acetic anhydride (100 cm3) in the presence of 
anhydrous sodium acetate (2 g) for 2 hours34. Filtration of the cooled reaction mixture 
and recrystallization from dioxane gave tetraacetylellagic acid (6.46 g, 83%) as cream 
needles, m.p. 321-322°C (lit.143 317-319°C). vmax (KBr): 1800, 1780 (phenolic ester 
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C=0), 1750 (8-lactone C=0), 1590 (aromatic C=C), 1180 (acetate C-O) and 880 cm"1 
(1 free aromatic hydrogen). 
2.3.2 Preparation of4.4'-di-Q-acetvlellagic acid. 
4,4'-Di-0-acetylellagic acid was prepared by the partial hydrolysis of 
tetraacetylellagic acid according to the procedure of Terashima et al81. 
Recrystallization from JV,iV-dimethylformamide afforded colourless needles. The 
infrared spectrum was in agreement with the structure of the diacetyl compound. 
A suspension of tetraacetylellagic acid (1 g) in pyridine (20 cm3) and water (10 cm3) 
was stirred at room temperature for 20 hours . The precipitated reaction mixture was 
filtered, and washed with water and acetone. The crude product was recrystallized 
from JV,A^dimethylformamide to give 4,4'-di-0-acetylellagic acid (3.6 g, 86%), m.p. 
322-324°C (lit.36 325-327°C). vmax (KBr): 3300 (H-bonded OH), 1740 (8-lactone 
C=0), 1740 (phenol C-O), 1250 (acetate C-O), 1190 (phenol OH) and 880 cm"1 (1 
free aromatic hydrogen). 
2.3.3 Synthesis of 4,4'-di-Q-acetvl-3.3 '-di-O-methvlellagic acid (54). 
4,4'-Di-0-acetyl-3,3'-di-0-methylellagic acid (54) was prepared by the methylation 
Q1 
of 4,4'-di-0-acetylellagic acid according to the procedure of Terashima et al . 
Recrystallization from methanol-dioxane gave colourless needles. The infrared 
spectrum was identical to that of an authentic sample. 
A suspension of 4,4'-di-0-acetylellagic acid (5 g) and K2C03 (1.25 g) in N,N-
dimethylformamide (50 cm3) and dimethylsulphoxide (25 cm3) was stirred at 40-45°C 
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for 10 minutes81. Dimethyl sulphate (1 cm3) was added to the mixture and stirred at 
40-45°C for 4 hours. The reaction mixture was added dropwise to cold water. The 
precipitate was filtered off and washed with water. The crude product was 
recrystallized from methanol-dioxane to give 4,4'-di-0-acetyl-3,3'-di-0-
methylellagic acid (4.4 g, 82%), m.p. 295-297°C (lit.81 297-299°C). vmax (KBr): 1740 
(8-lactone C=0), 1240 (aryl ether C-O) and 880 cm"1 (1 free aromatic hydrogen). 
2.3.4 Preparation of 3.3 '-di-O-methvlellagic acid. 
4,4'-Di-0-acetyl-3,3'-di-0-methylellagic acid was hydrolysed to 3,3'-di-0-
methylellagic acid by the method of Terashima et al81. Recrystallization from acetone-
methanol afforded colourless needles. The infrared spectrum was in accord with the 
structure of the methyl ether (38). 
A suspension of 4,4'-di-0-acetyl-3,3'-di-0-methylellagic acid (1 g) in acetone (25 
cm3) and methanol (25 cm3) was added to a solution of 10% aqueous NaOH (15 
cm ) . The mixture was stirred at 65°C for 3 minutes, water (25 cm) added and 
stirred for another 10 minutes. The solution was acidified with 2M HC1 and 
concentrated. The precipitate was filtered and recrystallized from acetone-methanol as 
3,3'-di-0-methylellagic acid (0.75 g, 94%), m.p. 331-333°C (lit.36 330-331°C). vmax 
(KBr): 3200 (H-bonded OH), 1720 (8-lactone CO), 1350 (phenol C-O), 1280 (aryl 
ether C-O), 1200 (phenol OH) and 860 cm"1 (1 free aromatic hydrogen). 
The four step preparation of 3,3'-di-0-methylellagic acid from ellagic acid (55% 
overall yield) was expensive in both time and the number of reagents necessary, and 
therefore was considered too expensive for feasible application on a commercial 
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scale. The synthesis of the tetramethyl ether (38) was deemed inappropriate as a 
monomer preparation and thus was not examined further. 
2.3.5 Methylation of ellagic acid. 
Of all the more readily prepared derivatives of ellagic acid, 2,3,4,2',3',4'-
hexamethoxy-6,6'-diphenic acid would appear the most versatile in the preparation of 
polymer precursors. Given that the diphenic acid (11) can be prepared quantitatively 
from tetramethylellagic acid45, the development of a cost effective synthesis of the 
latter was considered of paramount importance. 
Three factors have been identified as being responsible for the inability to fully 
methylate ellagic acid in high yield1 : (I) the insolubility of ellagic acid in the solvent 
systems used, (II) the insolubility of the sodium salts of ellagic acid and (III) the 
instability of ellagic acid in base. Reitze1 developed a procedure for the 
tetramethylation of ellagic acid utilizing quaternary alkylammonium hydroxides. 
These hydroxides are normally prepared either by treatment of the 
tetraalkylammonium halide with silver oxide or by anion exchange, both procedures 
being very expensive. On this account it was decided to investigate the use of 
tetraalkylammonium methoxides which are more readily and inexpensively produced. 
2.3.5.1 Preparation of large cationic bases for the methylation of ellagic acid. 
The various bases to be trialed in the methylation reaction were prepared by 
dissolving freshly cut sodium in dried methanol to give a solution of sodium 
methoxide, followed by subsequent addition of a methanolic solution of the dried 
tetraalkylammonium chloride. Recovery of the precipitated sodium chloride was 
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taken as a measure of the concentration of the resultant methoxide solutions (see 
Table 2.3). 
Base solution 
(25%) 
TMAM 
TEAM 
BTMA 
BTEA 
GM 
Theoretical NaCl 
recovery 
49.34 g 
28.09 g 
24.31 g 
19.00 g 
60.80 g 
Actual NaCl 
recovery 
49.01 g 
27.66 g 
23.65 g 
18. 82 g 
58.68 g 
% NaCl 
recovery 
>99% 
98% 
97% 
>99% 
96% 
Table 2.3 - Salt recovery in base preparation 
All masses depicted above are based upon the preparations described in Table 2.4. 
Preparation of 25% tetramethvlammonium methoxide (TMAM) 
Freshly cut metallic sodium (19.41 g) was added to methanol (150 cm ) with stirring. 
Once dissolved, tetramethylammonium chloride (92.42 g) was added to the sodium 
methoxide solution. After overnight stirring, the precipitated sodium chloride was 
collected by filtration. The filtrate was diluted to 250 cm3 in a volumetric flask to give 
a 25%o solution of tetramethylammonium methoxide. 
In a similar fashion, 25% solutions of tetraethylammonium (TEAM), 
benzyltrimethylammonium (BTMA), benzyltriethylammonium (BTEA) and 
guanidinium (GM) methoxides were also prepared. Exact specifications of these 
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preparations are summarized in Table 2.4. All basic solutions were made up to 250 
cm3. 
Base solution 
TEAM 
BTMA 
BTEA 
GM 
Mass of sodium 
11.05 g 
9.57 g 
7.48 g 
23.93 g 
Mass of chloride salt 
79.54 g 
77.25 g 
74.02 g 
99.38 g 
Table 2.4 - Preparation of basic solutions 
2.3.5.2 Production of tetramethylellagic acid. 
Herzig et al16 prepared the tetramethyl ether (14) by the methylation of an ethereal 
suspension of ellagic acid using diazomethane. This method produced the tetramethyl 
derivative (14) in poor yield (7-12%), as the use of diazomethane resulted in the 
formation of a polymeric product consistent with the addition of polymethylene units. 
Terashima et al81 synthesized the tetramethyl ether in 52% yield by treating a 
suspension of ellagic acid in N,#-dimethylformamide with sodium hydride and 
methyl iodide. 
Baker, McOmie and Ulbricht124 reported that the organic base, tetramethylammonium 
hydroxide, may find use in the Dakin oxidation or alkylation with alkyl sulphates of 
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Solvent 
Butylamine 
Tri-H-butylamine 
Pyrrolidine 
Morpholine 
Aniline 
TV, TV-Dimethyl aniline 
Phenol 
Water 
Glycerol 
Ethylene glycol 
Formamide 
Methyl formamide 
Nitromethane 
Acetonitrile 
Cyano-acetic ester 
i,4-Butyrolactone 
N-Methylpyrrolidone 
N.N-Dimethylformamide 
Ellagic acid 
si. s. 
si. s. 
si. s. 
si. s. 
si. s. 
i. 
si. s. 
i. 
si. s. 
s. 
s. 
s. 
si. s. 
si. s. 
v. si. s. 
si. s. 
V. s 
V. s 
Tetramethyl 
ellagic acid 
si. s. 
si. s. 
si. s. 
si. s. 
s. 
s. 
si. s. 
i. 
si. s. 
si. s. 
si. s. 
si. s. 
si. s. 
si. s. 
si. s. 
V. s 
V. s 
si. s. 
Tetrabenzyl 
ellagic acid 
si. s. 
si. s. 
si. s. 
si. s. 
s. 
s. 
s. 
i. 
si. s. 
si. s. 
si. s. 
s. 
si. s. 
v. si. s. 
s. 
V. s 
V. s 
v. s 
Tetraacetyl 
ellagic acid 
si. s. 
si. s. 
si. s. 
si. s. 
s. 
si. s. 
s. 
i. 
si. s. 
si. s. 
s. 
s. 
si. s. 
v. si. s. 
v. si. s. 
s. 
V. s 
vs. 
Table 2.5 - Solubility of ellagic acid and its derivatives in various solvents1 
Key_: Insoluble =i. Soluble = s. 
Very slightly soluble = v. si. s. Very soluble = v. s. 
Slightly soluble = si. s. 
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o-hydroxy ketones which give sparingly soluble, possibly coordinated alkali salts with 
sodium and potassium hydroxide. Baker et al125 showed that when 
tetramethylammonium hydroxide was used as base, ionized salts were produced in 
contrast to the covalent species which resulted when sodium hydroxide was 
employed. After demonstrating the ionic stability of ellagic acid in alkylammonium 
hydroxides by an ultraviolet spectral study, Reitze1 hypothesized that the use of a 
large cationic base with a polar, aprotic solvent may lower the reactivity of ellagate to 
oxidation. 
The high solubility of ellagic acid in TV-methylpyrrolidone in subsequent solubility 
trials (Table 2.5) showed this solvent to be the most applicable. Treatment with 
tetramethylammonium, tetraethylammonium, tetrapropylammonium and 
tetrabutylammonium hydroxides converted the ellagic acid to a form stable to 
oxidation. Methylation by dimethyl sulphate subsequently led to high yields of the 
tetramethyl ether (14). Based upon the success of this work1, a number of 
tetraalkylammonium methoxide solutions were tested in the methylation reaction. 
Ellagic acid was methylated by the method of Reitze1. 25% Tetramethylammonium 
methoxide solution (75 cm3) was added to a cooled solution of ellagic acid (10 g) in 
Ar-methyrpyrrolidone (200 cm3) under nitrogen. Dimethyl sulphate (30 cm3) was 
added in two portions to the solution and stirred at room temperature for one hour. 
The dark coloured solution was poured into water (1000 cm3), the precipitate 
collected by filtration, washed with water, and dried to yield tetramethylellagic acid 
(11.6 g, 98%), m.p.341°C (lit.144 342-344°C).vmax (KBr): 2820 (0-CH3 bond), 1740 
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Base solution 
TEAM 
BTMA 
BTEA 
GM 
NaOH 
Product isolated 
tetramethylellagic acid 
tetramethylellagic acid 
tetramethylellagic acid 
tetramethylellagic acid 
sodium ellagate 
Yield 
96% 
88% 
84% 
100% 
0% 
Table 2.6 - Methylation of ellagic acid under nitrogen 
Base solution 
TMAM 
TEAM 
BTMA 
BTEA 
GM 
NaOH 
Product isolated 
tetramethylellagic acid 
tetramethylellagic acid 
tetramethylellagic acid 
tetramethylellagic acid 
tetramethylellagic acid 
sodium ellagate 
Yield 
93% 
89% 
82% 
78% 
100% 
0% 
Table 2.7 - Methylation of ellagic acid in air 
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(8-lactone C=0), 1610, 1570, 1490, 1440 (aromatic C=C), 1250 (aralkyl ether C-O), 
1105 (ester C-O) and 900cm"1 (1 free aromatic hydrogen). 
Similar trials were conducted using various other 25% basic solutions in place of 
tetramethylammonium methoxide. The results are tabulated in Tables 2.6 and 2.7. 
In a similar fashion, the methylation reactions were also carried out in air. The results 
of the methylation of ellagic acid in air are summarized in Table 2.7. 
Tetraalkylammononium methoxides containing large cations, such as 
tetramethylammonium methoxide and tetraethylammonium methoxide, were shown 
to rapidly convert ellagic acid to a form that was stable towards oxidation, and 
methylation in high yields were subsequently obtained (98% and 96%). 
Benzyltrimethylammonium methoxide and benzyltriethylammonium methoxide 
produced tetramethylellagic acid in lower yields of 88% and 84% respectively (Table 
2.6). The methoxides trialed were thus as equally effective as the hydroxides used by 
Reitze1. Of other organic bases available, guanidine is described as having a pKb in 
water which is too small to be accurately measured, and with the exception of the 
quaternary alkylammonium hydroxides, is among the strongest organic bases 
known145. Based upon these properties, 25% guanidinium methoxide was also tested, 
with tetramethylellagic acid being produced quantitatively under nitrogen. 
The same methoxide solutions were also trialed without the nitrogen atmosphere (see 
Table 2.7) to further substantiate the claim that ellagic acid is not as susceptible to 
oxidation in tetraalkylammonium methoxides or guanidinium methoxide as it is in 
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sodium hydroxide. The results of the methylation of ellagic acid in air essentially 
validated this observation, although with the exception of guanidinium methoxide, 
somewhat lower yields (78-93%) were achieved than those conducted under a 
nitrogen atmosphere (84-98%). 
Given guanidinium methoxide afforded the tetramethyl ether (14) quantitatively in 
air, it may be concluded that ellagic acid must be rapidly converted to a form 
extremely stable to oxidation in this base. This result is particularly significant, as in 
addition to the development of a quantitative synthesis in air, guanidinium methoxide 
is 2-3 times cheaper to prepare than the quaternary alkylammonium methoxides146, 
hence this procedure would be economically viable on a commercial scale. 
All methylation reactions were carried out in air by the method of Reitze1 using 
guanidinium methoxide in place of tetramethylammonium hydroxide. Trials 
employing solvents other than JV-methylpyrrolidone again confirmed the superiority 
of the latter. 
2.3.6 Preparation of water-soluble ellagates. 
Based upon the success encountered in the methylation of ellagic acid with 25% 
methoxide solutions, the preparation of tetraalkylammonium ellagates was considered 
worthwhile. It was envisaged that if these salts were water-soluble they may have 
value in the precipitation and recovery of metal ions from aqueous solution. 
(99) R= N+H2=C(NH2)2 
(100) R= N+(CH3)3(CH2CH2OH) 
(101) R= N+(C6H5)(CH3)3 
(102) R= N+(CH3)4 
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2.3.6.1 Synthesis of tetraguanidinium ellagate (99). 
25% Guanidinium methoxide (35 cm3, 4 molar equivalents) was added to a stirred 
suspension of ellagic acid (10 g) in methanol (60 cm3) under nitrogen. The solution 
was stirred for one hour and the methanol removed by filtration. The remaining 
material was washed successively under nitrogen with cold ethanol followed by 
acetone to quantitatively yield water-soluble tetraguanidinium ellagate (99) as a khaki 
powder, m.p. >360°C. 
2.3.6.2 Tetracholine ellagate (100). 
The procedure outlined in 2.3.6.1 was repeated substituting 25% choline methoxide 
(55 cm3, 4 molar equivalents) for 25% guanidinium methoxide. Water-soluble 
tetracholine ellagate (100) was isolated quantitatively as a dark green solid, m.p. 264-
266°C. 
2.3.6.3 Tetrakis-benzvltrimethvlammonium ellagate (101). 
The procedure outlined in 2.3.6.1 was repeated substituting 25% 
benzyltrimethylammonium methoxide (80 cm3, 4 molar equivalents) for 25% 
guanidinium methoxide. Water-soluble tetrakis-benzyltrimethylammonium ellagate 
(101) was quantitatively isolated as a light green powder, m.p. >360°C. 
2.3.6.4 Tetrakis-tetramethvlammonium ellagate (102). 
The procedure outlined in 2.3.6.1 was repeated substituting 25% 
tetramethylammonium methoxide (40 cm3, 4 molar equivalents) for 25% guanidinium 
methoxide. Water-soluble tetrakis-tetramethylammonium ellagate (102) was isolated 
quantitatively as a light brown powder, m.p. 280°C (decomp.). 
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The reaction of ellagic acid suspended in methanol with 25% alkylammonium 
methoxides proceeded very rapidly as evidenced by the almost instantaneous 
formation of the insoluble products. The powders were recovered by filtration and 
washed with cold ethanol followed by acetone. The salts showed no visible signs of 
degradation, and no decomposition was apparent with exposure to the atmosphere. 
The tetraalkylammonium salts proved very soluble in cold water, as would be 
expected with all four phenoxide groups of ellagic acid occupied by a quaternary 
alkylammonium cation. 
The structure of each water-soluble ellagate was further validated by the quantitative 
conversion, using dimethyl sulphate, of each salt to tetramethylellagic acid, identified 
by comparison of mixed melting points with those of an authentic sample (m.p. 
341°C, (lit.144 m.p. 342-344°C). 
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CHAPTER 3 PREPARATION OF POLYMER PRECURSORS AND 
PRELIMINARY POLYMERIZATION REACTIONS. 
3.1 Preparation of tetramethylellagic acid derivatives for polymerization. 
The development of a quantitative, cost efficient procedure (see 2.3.5) for the 
tetramethylation of ellagic acid permitted the study of further reactions of this derivative. It 
was envisaged that additional chemical transformation of tetramethylellagic acid may give 
rise to molecules suitable for polymerization. 
3.1.1 Attemptedhydrogenation of tetramethylellagic acid. 
The aromatic and lactone rings of tetramethylellagic acid were seen as suitable sites for 
reduction by hydrogenation. It was proposed that the catalytic hydrogenation of the 
tetramethyl ether (14) may yield molecules useful as polymer precursors. Rhodium was 
considered an appropriate catalyst based upon its common use in the hydrogenation of 
aromatic systems to saturated heterocycles at low temperatures and pressures147. 
(I) The attempted hydrogenation of tetramethylellagic acid in 2.5% NaOH at 1600 p.s.i. 
and room temperature afforded unchanged starting material upon acidification with 2M 
HC1. Rhodium is known to be inhibited by the presence of strong bases147, and in this case 
it would seem that a low strength base (2.5%) has deactivated the catalyst, even though a 
significant amount of rhodium on alumina was used (0.2 g). 
Tetramethylellagic acid (2 g) was dissolved in 2.5% NaOH solution (200 cm3) and 
hydrogenated at 1600 p.s.i. and room temperature in the presence of rhodium on alumina 
(0.2 g) for 48 hours. Acidification of the solution by addition of 2M HC1 afforded 
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unchanged tetramethylellagic acid (1.76 g), identified by comparison with a previously 
prepared sample. 
(II) In an attempt to facilitate hydrogen uptake, a second reaction was carried out using 
rhodium on charcoal at 2500 p.s.i. and 100°C. Based upon the slight solubility of 
tetramethyl ellagate (14) in methanol, the reaction was conducted in this solvent. Methanol 
is also known to be an appropriate solvent for the hydrogenation of aromatic systems at 
temperatures below 220°C147. 
Tetramethylellagic acid (5 g) was suspended in methanol (200 cm3) and hydrogenated at a 
pressure of 2500 p.s.i. and 100°C in the presence of rhodium on charcoal (10 mg) for 24 
hours. Upon cooling, 1.4 g of solid material was collected by filtration and 2.4 g of 
material was recovered from the methanol concentrate. Infrared and melting point analysis 
showed the solids to be tetramethylellagic acid. 
The experimental findings suggest that the conditions under which the hydrogenation of 
tetramethylellagic acid may occur are beyond the scope of the available apparatus. More 
severe reaction conditions such as higher temperature and pressure, or a different catalytic 
system may be necessary. 
3.1.2 Preparation of2,3.4.2',3'.4'-hexamethoxv-6.6'-divhenic acid. 
Crude tetramethylellagic acid (2 g) was dissolved in 10 cm3 of 20% NaOH solution45. To 
the cool solution, 4.5 cm3 of dimethyl sulphate was added in two portions with stirring. 
After further stirring for one hour, the dark solution was heated under reflux for 2 hours. 
Upon cooling, 5 g of NaOH in 35 cm3 H20 was added and the mixture refluxed for another 
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2 hours. Crude hexamethoxy diphenic acid (11) precipitated upon addition of dilute H 2 S 0 4 
to the cool caustic solution. Boiling the crude product in ethyl acetate (200 cm3 per 20 g) 
removed any soluble impurities, leaving 2,3,4,2,,3,,4'-hexamethoxy-6,6'-diphenic acid. 
Recrystallization from ethanol gave the powdered hexamethoxy diphenic acid (11) (2.03 g, 
86%), m.p. 238-240°C (lit.16'45 233°C and 240°C). vmax (KBr): 3200-2500 (carboxylic free 
OH), 1685 (aryl acid C=0), 1590 (aromatic C=C), 1230 aralkyl C-O) and 880 cm"1 (1 free 
aromatic hydrogen). 
Initial attempts to open the lactone rings of the tetramethyl ether (14) by the procedure of 
Schmidt and Demmler45 proved unsuccessful. Analysis of the isolated material revealed a 
mixture of 2,3,4,2,,3',4'-hexamethoxy-6,6'-diphenic acid (10-25%) and unreacted 
tetramethylellagic acid. Modification of the procedure45 (halving the mass of the 
tetramethyl ether (14) and doubling the volume of NaOH and dimethyl sulphate used) 
increased the yield considerably (50%-60%). However, broad melting point ranges (233-
300°C) indicated the presence of unreacted starting material and possibly material with 
only one open lactone ring in the product. 
Use of freshly distilled dimethyl sulphate prevented reclosure of the lactone rings upon 
acidification and allowed complete methylation of the aromatic hydroxyls. The crude 
product was washed in ethyl acetate to remove any soluble impurities, and pure 
2,3,4,2',3',4'-hexamethoxy-6,6'-diphenic acid remained in 86% yield. 
3.1.3 Preparation of dimethyl 2,3,4,2', 3',4 '-hexamethoxy-6,6 '-diphenate (12). 
(I) The procedure outlined in 3.1.2 was repeated; although, rather than adding further 
NaOH upon cooling, the dark brown gum was extracted with ether (3 X 100 cm3). The 
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combined ether extracts were washed with water, dried over anhydrous sodium sulphate 
and concentrated to give an orange red oil (1.6 g). Recrystallization from ether-light 
petroleum gave a white crystalline solid (1.2 g, 56%), m.p. 111-112°C (lit.16 109-111 °C), 
identified as the dimethyl diester (12). vmax (KBr): 1720 (aryl ester C=0), 1240 (aralkyl 
ether C-O) and 850 cm"1 (1 free aromatic hydrogen). 
(II) 2,3,4,2',3',4'-Hexamethoxy-6,6'-diphenic acid (2 g) in methanol (150 cm3) and 18M 
sulphuric acid (12 cm3) was refluxed for 5 hours129. Sodium bicarbonate was added to the 
cool solution until the effervescence ceased. Methanol was removed under reduced 
pressure, giving a dirty white solid which was recrystallized from methanol to yield 
dimethyl 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenate (12) as white needles (0.95 g, 45%), 
m.p. 109°C(lit.16109-lll°C). 
Dimethyl 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenate was obtained from the brown gum 
formed after the preliminary reflux in the preparation of 2,3,4,2',3',4'-hexamethoxy-6,6'-
diphenic acid45 by exhaustive extraction with ether. The yield for this procedure was 56%. 
10Q 
Alternatively, the Fischer-Spier esterification of the free diacid (11) was investigated. 
However, only a low yield (45%) of product resulted, as acid catalyzed esterifications of 
diphenyl molecules proceed in poor yield due to steric hindrance 
3.1.4 Synthesis of 2,3.4.2',3",4'-hexamethoxv-6,6'-diphenovl dichloride (103). 
Freshly distilled thionyl chloride (25 cm3) was added to 2,3,4,2',3',4'-hexamethoxy-6,6'-
diphenic acid (5 g) and stirred in a stoppered flask for 48 hours at room temperature129. 
Excess thionyl chloride, sulphur dioxide and hydrogen chloride were removed from the 
resultant brown solution in vacuo. The cooled syrup was dissolved in ether (200 cm3), 
OCH3 
CH30 
OCH3 
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dried over anhydrous sodium sulphate, and the solvent removed affording 2,3,4,2',3',4'-
hexamethoxy-6,6'-diphenoyl dichloride (103) as an orange/brown oil (5.1 g, 94%). vmax 
(film): 1765 (acid halide C=0), 1250 (aralkyl ether C-O) and 870 cm"1 (1 free aromatic 
hydrogen). 
Carboxylic acids are converted into acid chlorides by treatment with thionyl chloride, 
phosphorus trichloride or oxalyl chloride135. Thionyl chloride is both inexpensive and 
convenient to use. The reaction occurs by nucleophilic acyl substitution. The carboxylic 
acid is converted into a chlorosulfite intermediate that is then attacked by a nucleophilic 
chloride ion, resulting in the acid chloride product135. 
It was necessary to prepare 2,3,4,2',3',4'-hexamethoxy-6,6,-diphenoyl dichloride 
immediately prior to further reaction, as it is susceptible to hydrolysis. This process is 
initiated by the attack of water on the diacid dichloride carbonyl groups. The tetrahedral 
intermediate initially formed undergoes elimination of the chloride ion and proton loss to 
give 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenic acid and hydrochloric acid. 
A molar excess of thionyl chloride is required for conversion of 2,3,4,2',3',4'-
hexamethoxy-6,6'-diphenic acid to the diacid dichloride (103). Less than this lowered the 
yield by 10-20%. Hence, thionyl chloride was employed in excess to avoid any undesirable 
anhydride formation and to allow for volatilization with the sulphur dioxide and hydrogen 
chloride byproducts129. Unreacted thionyl chloride provided a good medium for the 
protection of the diacid dichloride (103) against hydrolysis and was readily removed by 
vacuum distillation. 
QCH3 
CH30 
OCH3 
OCH3 
(104) 
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3.1.5 Diaciddiazide of 2,3.4,2',3'.4'-hexamethoxv-6.6'-divhenovl-dichloride (104). 
A solution of sodium azide (2 g) in water (10 cm3) was added to a stirred solution of the 
diacid dichloride (103) (4 g) in acetone (100 cm3) at room temperature, and the mixture 
stirred overnight 8. A sample of the acetone solution (5 cm3) was concentrated in vacuo at 
<10°C to give the diacid diazide (104) as a pale brown oil. vmax (film): 2120 cm"1 (allenic 
type stretching N=N=N). 
Acid azides are readily prepared from acid chlorides by treatment with sodium azide149. 
The azide ion, N3", is a non-basic, highly reactive nucleophile that displaces the halide ion 
from the acid chloride. 
Due to the insolubility of inorganic azides in organic solvents, many acid chlorides are 
inert to dry sodium azide149. Alternatively, aqueous sodium azide may be employed, and 
although this procedure necessitates the isolation of the azide as an additional operation 
together with a small reduction in yield, overall this reaction is more reliable, easier to 
control and usually much faster149. 
In the wet method, a concentrated aqueous solution (25%) of sodium azide is stirred into a 
solution of the acid chloride in an organic solvent miscible with water. The reaction 
mixture is usually kept at or below room temperature149. Acetone is considered the most 
appropriate solvent for the reaction. At the conclusion of the reaction, the azide is 
precipitated completely by further dilution of the reaction mixture with water. 
OCH3 
CH30 
OCH3 
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3.1.6 Synthesis of 2,3,4,2',3',4 '-hexamethoxy-6,6 '-diisocvanato-diphenvl (105). 
The acetone solution of the previously prepared diacid diazide (104) was poured into water 
(100 cm3), filtered, extracted with benzene (3 X 100 cm3) and dried over anhydrous 
sodium sulphate148. The dried benzene solution was refluxed for 3 hours with considerable 
evolution of nitrogen. The benzene was removed under reduced pressure to yield 
2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-diphenyl (105) (3.4 g) as a brown oil. vmax: 
2260 cm"1 (allenic type stretching N=C=0). 
The decomposition of acid azides to isocyanates and nitrogen is known as the Curtius 
rearrangement. The Curtius rearrangement involves migration of an alkyl-group from the 
carbonyl carbon atom to the neighbouring nitrogen with simultaneous loss of a leaving 
group135. The reaction takes place on heating the acyl azide in an inert solvent such as 
benzene, from which the isocyanate can be isolated. In the presence of alcohol, water or 
concentrated sulphuric acid, the intermediate isocyanate will react to form urethane, urea 
and primary amine repectively . 
Rearrangement of an azide at a convenient rate is brought about by refluxing in a solvent, 
usually benzene, boiling around 80°C. Some danger attends the use of a solvent boiling too 
high, as the rearrangement is highly exothermic149. The exothermic nature of the 
rearrangement is often sufficient to raise the temperature of the reaction mixture to a point 
where the rearrangement becomes uncontrollable. Such an occurrence is avoided by use of 
a solvent boiling at less than 10G°C. The progress of the rearrangement is indicated by the 
rate of evolution of nitrogen and is followed by gauging the flow of gas through a mercury 
bubbler. 
OCH3 
NH, 
NH y 
C=0 
OCH3 
OCH3 
(106) 
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3.1.7 Cyclic urea of the diisocvanate (106). 
Diethyl ether (20 cm3) was added to a solution of the diisocyanate (105) (1 g) in 5% 
aqueous benzene (30 cm3) and the solution left to stand at room temperature overnight. The 
white solid (0.4 g) which separated was collected by filtration and recrystallized from 
benzene/ether to yield the cyclic urea of the diisocyanate (106) as a white crystalline solid, 
m.p. 285-286°C (lit.Vp. 287-8°C). vmax(KBr): 3200 (NH), 1680 (ureaC=0), 1600, 1580 
(aromatic C=C), 1260 (aralkyl ether C-O) and 860 cm"1 (1 free aromatic hydrogen). 
Heating isocyanates in a moist inert solvent such as acetone, benzene, chloroform or ether 
produces ureas, whereas aqueous alcohols usually give rise to a mixture of the urea and the 
urethane149. The cyclic urea (106) was isolated as a white crystalline solid m.p. 287-288°C, 
from a mixture of 2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-diphenyl, 5% aqueous 
benzene and ether left to stand at room temperature overnight. 
3.1.8 Hydrolysis of2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-diphenyl. 
The diisocyanate (105) (1 g) was dissolved in 16% ethanolic potassium hydroxide solution 
(50 cm3) and heated under reflux for 20 hours150. The mixture was poured into water (100 
cm ) and extracted with ether (200 cm). The ether extracts were washed with water, dried 
over anhydrous sodium sulphate and concentrated in vacuo to give 2,3,4,2',3',4'-
hexamethoxy-6,6'-diamino-diphenyl (107) as colourless needles (200 mg). The aqueous 
layer was extracted with chloroform (3 X 100 cm3), the extracts washed with water, dried 
over anhydrous sodium sulphate and concentrated in vacuo to give the crude diamine (107) 
(1.6 g) as a red oil. Trituration with 5% benzene-pentane gave the diamine (107) as white 
needles, m.p. 168-169°C (lit.1 169-70°C). vmax (KBr): 3430, 3350 (primary amine NH), 
OCH3 
OCH3 
(107) 
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1600 (primary amine N H ) , 1350 (primary aromatic amine C-N), 1250 (aralkyl ether C-O) 
and 840 cm"1 (1 free aromatic hydrogen). 
Isocyanates are hydrolyzed by heating with aqueous or alcoholic alkali149. Water is added 
to the isocyanate by a nucleophilic addition step to yield a dissolved alkali carbamate. On 
acidification, the carbamic acid decarboxylates spontaneously, yielding the amine product. 
The diamine (107) was isolated as white needles (m.p. 169-170°C) from ether-pentane. 
3.1.9 Hydrolysis of the cyclic urea of the diisocyanate (106). 
The urea (106) (1 g) was dissolved in 16% ethanolic potassium hydroxide solution (20 
cm3) and heated under reflux for 20 hours150. The mixture was poured into water (50 cm3) 
and extracted with chloroform (3 X 20 cm ). The extracts were washed with water, dried 
over anhydrous sodium sulphate and concentrated in vacuo to yield a light brown solid. 
Recrystallization from ether-pentane gave 2,3,4,2',3',4,'-hexamethoxy-6,6'-diamino-
diphenyl as a white solid, m.p. 168-170°C (lit.1 169-170°C), identified by mixed m.p. and 
comparison of the infrared spectra with that of an authentic sample. 
The cyclic urea (106) was converted to the diamine (107) utilizing the same hydrolysis 
procedure150 adopted for the decarboxylation of 2,3,4,2',3',4'-hexamethoxy-6,6'-
diisocyanato-diphenyl. Recrystallization from ether-pentane gave 2,3,4,2',3',4,'-
hexamethoxy-6,6'-diamino-diphenyl as a white solid (m.p. 169-170°C) identified with the 
sample prepared previously by mixed m.p. and comparison of their infrared spectra. 
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3.1.10 Attempted esterification of the diacid dichloride (103). 
Dry methanol (75 cm3) was added to 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenoyl dichloride 
(5 g) and the solution stirred at room temperature for one hour129. Removal of the excess 
methanol under reduced pressure gave a light brown oil as the product. Recrystallization 
from methanol gave the lactone of diphenyl-2,3,6,7,8-pentamethoxy-5-carboxymethyl-l-
hydroxy-10-carbonic acid (13) (3 g) described by Herzig et al16, m.p. 185°C (lit.16 187-
189°C). 
The esterification of 2,3,4,2',3',4"-hexamethoxy-6,6,-diphenoyl dichloride was considered 
the most suitable pathway to the dimethyl ester (12), as diacid chlorides are characterized 
by their extremely facile reactions with alcohols . Due to the relatively short reaction 
time, incomplete esterification occurred, and partial lactonization during the work up of the 
product resulted in the isolation of the light brown ether-ester (13) (3 g) described by 
Herzig et al16. 
3.1.11 Esterification of 2.3.4.2',3'.4'-hexamethoxv-6.6'-diphenovl dichloride. 
Dry methanol (75 cm3) was added to 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenoyl dichloride 
(5 g) and the mixture stirred at 0°C overnight129. The solution was poured into water (500 
cm3), and the cream precipitate collected and treated with activated carbon129. The resultant 
white needles were recrystallized from methanol and identified as dimethyl 2,3,4,2',3',4'-
hexamethoxy-6,6'-diphenate (95% yield), m.p. 92-94°C (lit.16 90-95°C), by comparison of 
the infrared spectrum with that of a previously prepared sample. vmax (KBr): 1720 (aryl 
ester C=0), 1250 (aralkyl ether C-O) and 850 cm"1 (1 free aromatic hydrogen). 
OCH3 
CH30 
CH30' *CH2OH 
O H C H 2 N A ^ O C H ; 
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OCH3 
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The reaction of 3.1.10 was repeated at 0°C with stirring for 24 hours129. Extension of the 
reaction time at a lower temperature allowed complete esterification, with no partial 
lactonization of 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenoyl dichloride occurring during 
work up of the product. The white needles obtained by recrystallization from methanol 
were identified as dimethyl 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenate by an infrared 
spectral comparison with that of an authentic sample. 
3.1.12 Reduction of dimethyl 2,3,4,2',3',4 '-hexamethoxv-6,6'-diphenate. 
Dimethyl 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenate (5 g) in dry ether (100 cm3) was 
added dropwise to a well-stirred suspension of lithium aluminium hydride (2 g) in dry 
ether (50 cm3)129'151. After complete addition, the mixture was heated under reflux for three 
hours. Following decomposition of the excess hydride reagent by addition of ethyl acetate, 
the reaction mixture was poured into excess cold 2M sulphuric acid to decompose the 
complex aluminium compounds and to dissolve the precipitated aluminium hydroxide. The 
ether layer was removed, and the acidic layer extracted with fresh ether. The combined 
ether extracts were washed with water, dried over anhydrous sodium sulphate, and 
concentrated to give white 2,3,4,2',3',4'-hexamethoxy-6,6'-dihydroxydimethyl-diphenyl 
(108) (4.3 g), m.p. 102-104°C (lit.1 102-103°C). vmax (KBr): 3500, 3390 (H-bonded OH), 
1320 (alcohol OH), 1250 (aralkyl ether C-O), 1040 (alcohol OH) and 860 cm"1 (1 free 
aromatic hydrogen). 
Ester reduction by lithium aluminium hydride was carried out in dry ether. Lithium 
aluminium hydride in ether exists as ionic aggregates of strongly solvated lithium ions and 
aluminohydride anions (AIH4")152. The reduction is most efficient by having the hydride in 
excess to that stoichiometrically required for complete reaction. Ethyl acetate was used for 
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the destruction of the excess reagent as the reduction product, ethanol, does not interfere in 
the subsequent isolation of 2,3,4,2',3',4'-hexamethoxy-6,6'-dihydroxymethyl-diphenyl. 
The mechanism of the ester reduction involves the addition of a hydride ion to the electron 
deficient carbonyl group, followed by the elimination of alkoxide ion to yield an aldehyde 
intermediate135. Further addition of hydride to the aldehyde followed by acid workup 
produces the primary alcohol. 
3.2 Polymerization reactions of tetramethylellagic acid derivatives. 
3.2.1 Introduction. 
Following the preparation of a number of ellagic acid derivatives which were considered 
suitable for the preparation of polymers, a series of trial polymerization reactions were 
commenced. Construction of Catalin models indicated the possibility that the presence of 
some steric hindrance may reduce the rate of polymerization, resulting in premature chain 
termination. 
Polymers are divided into two main groups based upon a comparison of the structure of the 
repeating unit of the polymer with the structure of the monomer from which the polymer 
was derived. 
Consensation polymerization (polycondensation) refers to the formation of 
macromolecules by the stepwise coupling of bifunctional or polyfunctional components 
with the elimination of simple molecules (water or alcohol) derived from the reacting 
groups153. A monomer may have two unlike groups suitable for polycondensation. In the 
polycondensation of a hydroxycarboxylic acid, for example, a dimer forms that possesses 
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Figure 3.1 - Polyester formation 
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the same end groups as the initial monomer, and can continue reacting either with the 
monomeric compound or with another dimer molecule. Alternatively, two different 
monomers (diamines, diols, diisocyanates, diacid dichlorides and dicarboxylic acids), each 
possessing a different pair of reactive groups, can react with one other. Addition 
polymerizations involve the stepwise reaction of at least two bifunctional or polyfunctional 
compounds. No low molecular weight compounds are eliminated; the coupling of the 
monomer units is a consequence of the migration of a hydrogen atom153. 
High monomer and solvent purity is essential in the preparation of macromolecules by 
stepwise condensation or addition polymerization, as monofunctional compounds can 
block the end groups of the resultant polymers and prevent further reaction154. Exact 
temperature control is critical in polymerization reactions, as the rate and degree of 
polymerization are strongly dependent on temperature. Uniform stirring is therefore 
necessary in order to avoid local heating154. Given that water may also have a negative 
effect upon polymerization, dry glassware, reagents and gases must be used. Reactions are 
routinely carried out with the exclusion of oxygen as oxidative decomposition can easily 
occur at the high reaction temperatures often required . 
Polyesters. 
Polyesters are macromolecules whose monomeric units are joined through an ester group. 
Linear polyesters (Figure 3.1) are generally soluble in chloroform, dichlorobenzene and 
formic acid154. Their properties are dependent upon chemical composition. Pure aliphatic 
polyesters have melting points below 100°C (increasing with the number of methylene 
groups between the ester groups) and are easily hydrolyzed154. Polyesters made from 
aromatic or cyclo-aliphatic dicarboxylic acids and diols are high melting and resistant to 
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Figure 3.2 - Polyamide formation153 
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hydrolysis, suitable for the preparation of fibres and films154. L o w molecular weight 
polyesters have found use commercially as plasticisers155. 
Polyesters are generally prepared by the polycondensation of diols with dicarboxylic acids 
or by the polycondensation of diols with ester or anhydride derivatives of dicarboxylic 
acids. Polyester formation is accelerated by catalysts such as strong acids, metal oxides, 
weak acid salts of the alkali metals or alkaline earths and alcoholates154. 
Polycondensations of diols with dicarboxylic acids are performed in the melt but do not 
always lead to high molecular weight polyesters. The starting components for the polyester 
may be unstable at the high temperature required for the condensation. The elimination of 
water from diols and dicarboxylic acids occurs slowly and in such cases derivatives such as 
anhydrides or esters can be used in place of the acid. 
The polycondensation of a diol and the dimethyl diester of a dicarboxylic acid can be 
carried out in the melt at considerably lower temperatures than for the corresponding 
reaction of the free acid. Ester interchange is commonly used as the alcohol eliminated in 
the transesterification is usually more easily removed than water. Anhydrides may also be 
used as an alternative to the diester of the dicarboxylic acid. High molecular weight 
polyesters have been obtained from diols and dicarboxylic acids by solution condensation 
reactions at high temperature154. 
Polyamides. 
Macromolecules with monomeric units joined together by amide linkages are known as 
polyamides (Figure 3.2)154. The properties of polyamides are attributable to the formation 
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of hydrogen bonds between the amino and carboxyl groups of neighbouring 
macromolecules. Polyamides are soluble in sulphuric acid, formic acid and m-cresol154, 
have high melting points which are dependant upon the chain length of the starting 
materials (melting points decrease with increasing distance between the amide groups in 
the macromolecule), are resistant to hydrolysis and crystallize readily154. Alkyl sides chains 
(on carbon or nitrogen) lower the melting point and improve solubility. 
Polyamides are typically prepared by polycondensation of dy-aminocarboxylic acids, 
polycondensation of diamines with dicarboxylic acids or polycondensation of diamines 
with dicarboxylic acid chlorides. Catalysts are not essential in these reactions154. 
The polycondensation of a diamine with a dicarboxylic acid can be carried out by melting 
together (between 180°C and 300°C) the highly purified components under nitrogen. An 
initial excess of diamine is advantageous as some may initially be carried over with water 
distilling off, disturbing the equivalence of the reaction monomers, which is necessary for 
isolation of a high molecular weight product. It is difficult to prepare high melting 
polyamides by melt, as monomers and products are thermally unstable at the high 
temperatures required to avoid side reactions such as oliger formation, crosslinking and 
scission, thus interfacial condensation is utilized. 
Polyamides can be prepared rapidly in solution at low temperature (0°C to 40°C) by the 
Schotten-Baumann reaction156'157. Diamines and dicarboxylic acid chlorides are mixed 
together with stirring at room temperature as 10% solutions in inert solvents such as 
chlororform and benzene. A tertiary amine acid acceptor, usually pyridine, traps eliminated 
hydrogen chloride. Limited side reactions proceed at low temperatures and reactant 
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Figure 3.3 - Polvurethane formation 153 
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equivalence need not be as exact as in other polycondensation procedures. However, 
relatively large amounts of salts are formed as byproducts. Low temperature condensations 
in solution yield macromolecules in short times with little apparatus cost. 
The Schotten-Baumann156'157 reaction of dicarboxylic acid chlorides with diamines can 
also be performed by interfacial polycondensation. The two monomers are dissolved 
separately in two immiscible or partially miscible solvents and brought together to form an 
interface where the almost instantaneously formed, thin polyamide film, impedes further 
polycondensation156'157. When this film is drawn from the boundary layer, the condensation 
carries on, allowing the process to be run continuously156'157. Side reactions occurring 
during the melt, such as transamidation and oxidative and thermal decomposition, are 
avoided in interfacial polycondensations. Aromatic diamines generally react too slowly for 
use in interfacial polycondensation15 . 
Polyurethanes. 
Bifunctional or polyfunctional isocyanates react with diols by polyaddition to produce 
polyurethanes (Figure 3.3), the hydrogen atom of the hydroxyl group being transferred to 
the nitrogen atom of the isocyanate group155. Polyurethanes contain oxycarbonylamino 
(urethane or carbamate) linkages. Reaction sets in upon mixing the two components 
followed by gentle warming. 
Polyurethanes are widely used in the fabrication of fibres, while crosslinked polyurethanes 
are employed as liquors and adhesives, as coating for textiles and paper, and as elastomers, 
flexible foams and rigid foams155. 
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Linear polyurethanes from short chain diols and diisocyantes are high melting, crystalline 
substances with properties comparable to polyamides due to similar chain structures. 
Polyurethanes melt at lower temperatures and have high solubility in chlorinated 
hydrocarbons. The thermal stability is lower than for polyamides. 
The reactivity of isocyanates is a key factor in the preparation of polyurethanes. Aromatic 
isocyanates are more reactive than aliphatic isocyanates and primary isocyanates react 
faster than secondary or tertiary isocyanates154. The addition of isocyanates to hydroxy 
compounds is inhibited by acidic compounds and can be catalyzed by tertiary amines, 
metal salts and organometallic compounds158'159. The softening point of polyurethanes 
depends on the number of carbon atoms between the urethane groups. 
Polyureas. 
Polyureas form by the addition reaction of diamines with diisocyanates (Figure 3.4). 
Polyureas have higher melting points than polyamides, polyureathanes and polyesters 
because of the high density of amino groups available for hydrogen bonding155. 
Cross linked alkvd resins. 
Branched or cross linked polyesters obtained from polycondensation of a dicarboxylic acid 
(or diester derivative) with a polyfunctional alcohol are known as alkyd resins154. The 
preparation and crosslinking occurs by polycondensation, thus a temperature of around 
200°C is required. Alkyd resins incorporating carboxylic acids containing double bonds 
can be cross linked at lower temperatures. Polyhydroxy compounds frequently used are 
glycerol, hexanetriol and pentaerythritol. Alkyd resins are commonly used in organic 
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paints, moldings and as adhesives155. Plasticizing, drying and hard alkyd resins are used as 
surface coatings for wood, linoleum, fabrics and rubber155. 
3.2.2 Experimental. 
Polyesters - Attempted polycondensation of dicarboxylic acids and dimethyl diesters with 
diols. 
(I) An apparatus154 fitted with a nitrogen inlet and stirrer was charged with 2,3,4,2',3',4'-
hexamethoxy-6,6'-dihydroxydimethyl-diphenyl (1.87 g), methanol (20 cm3) and 
concentrated hydrochloric acid (0.5 cm3). In a separate vessel 2,3,4,2',3',4'-hexamethoxy-
"X 
6,6'-diphenic acid (2 g) was also dissolved in methanol (10 c m ). The 2,3,4,2',3',4'-
hexamethoxy-6,6'-diphenic acid solution was added dropwise to the refluxing, stirred diol 
(108) solution under a nitrogen atmosphere154. No apparent reaction was observed. 
After refluxing for 8 hours the reaction mixture was concentrated to a brown oil. The oil 
was dissolved in methanol (50 cm3), the mixture poured into water (200 cm ), the 
precipitate collected and identified as 2,3,4,2,,3',4,-hexamethoxy-6,6,-diphenic acid (1.3 g) 
by comparison of the melting point with that of an authentic sample. 
The above reaction (I) was repeated substituting concentrated sulphuric acid (0.5 cm ) for 
hydrochloric acid as the reaction catalyst. The final product obtained was shown to be 
unchanged 2,3,4,2',3',4'-hexamethoxy-6,6,-diphenic acid (1.4 g). 
(IT) Dimethyl 2,3,4,2,,3',4,-hexamethoxy-6,6*-diphenate (2 g), 2,3,4,2',3',4'-hexamethoxy-
6,6'-dihydroxydimethyl-diphenyl (4.03 g), anhydrous calcium acetate (0.01 g) and 
antimony trioxide (0.02 g) were weighed into a flask fitted with a Claisen stillhead, an air-
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cooled condenser, a vacuum adaptor and a graduated receiver154. The stirred components 
were melted on an oil bath at 300°C after air was removed from the system by passing a 
slow stream of nitrogen through the mixture via a capillary tube fitted to the Claisen 
head154. 
With no methanol present in the receiver after 3 hours, the reaction was terminated. The 
flask was cooled under nitrogen and a dirty white oil recovered from which no material 
could be isolated. 
(Ill) Reaction (I) was repeated substituting bisphenol A (1.08 g) for the previously used 
diol (108). After refluxing for 8 hours, the reaction mixture was concentrated to an 
intractable black tar. Trituration of the tar with numerous non-polar and polar solvents 
failed to yield any solid material. 
The aforementioned method was repeated substituting concentrated sulphuric acid (0.5 
cm3) for hydrochloric acid as the reaction catalyst. No material could be isolated from the 
concentrated mixture. 
(IV) Reaction (II) was repeated substituting bisphenol A (2.33 g) for the previously 
employed diol (108). As no methanol was present in the receiver after 5 hours, the reaction 
was terminated. A light brown resinous material was recovered which, when triturated with 
numerous non-polar and polar solvents failed to yield any solid material. 
(V) Reaction (III) was repeated substituting hexamethylene glycol (0.56 g) for bisphenol 
A. After 8 hours of refluxing, the reaction mixture was concentrated to a very viscous 
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intractable black tar. Trituration of the tar with numerous non-polar and polar solvents 
failed to yield any solid material. 
The previously outlined procedure was repeated substituting concentrated sulphuric acid 
(0.5 cm ) for hydrochloric acid as the reaction catalyst. No material could be isolated from 
the concentrated mixture. 
(VI) Reaction (IV) was repeated substituting hexamethylene glycol (1.21 g) for bisphenol 
A. With no methanol present in the receiver after 5 hours, the reaction was terminated. A 
very viscous light brown gum was isolated that when triturated with numerous non-polar 
and polar solvents failed to yield any solid material. 
(VII) Reaction (V) was repeated substituting ethylene glycol (0.3 g) for hexamethylene 
glycol. After refluxing for 8 hours, the reaction mixture was concentrated to yield an 
intractable black tar. Trituration of the tar with numerous non-polar and polar solvents 
failed to yield any solid material. 
The above procedure was repeated substituting concentrated sulphuric acid (0.5 cm ) for 
hydrochloric acid as the reaction catalyst. Trituration of the intractable black tar isolated 
with numerous non-polar and polar solvents failed to yield any solid material. 
(VIII) Reaction (VI) was repeated substituting ethylene glycol (0.64 g) for hexamethylene 
glycol. No methanol was present in the receiver after 5 hours, the reaction was terminated, 
and a white oil recovered. The oil was dissolved in methanol (50 cm3), the mixture poured 
into water (200 cm3), the precipitate collected and identified as dimethyl 2,3,4,2',3',4'-
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hexamethoxy-6,6'-diphenate (0.6 g) by comparison of the melting point with that of an 
authentic sample. 
Polyamides - Attempted reaction of dicarboxylic acids and dimethyl diesters with 
diamines. 
(I) 2,3,4,2,,3,,4,-Hexamethoxy-6,6,-diphenic acid (2 g) and 2,3,4,2',3',4,'-hexamethoxy-
6,6'-diamino-diphenyl (2.59 g) were weighed into a flask fitted with a Claisen stillhead, an 
air-cooled condenser, a vacuum adaptor and a graduated receiver154. The stirred 
components were melted on an oil bath at 300°C after air was removed from the system by 
passing a slow stream of nitrogen through the mixture via a capillary tube fitted to the 
Claisen head1 4. 
After refluxing for 6 hours the reaction was terminated, the flask cooled under nitrogen and 
a dark brown intractable tar recovered. Trituration of the tar with numerous non-polar and 
polar solvents failed to yield any solid material. 
(II) 2,3,4,2',3',4,'-Hexamethoxy-6,6'-diamino-diphenyl (1.48 g) and sodium hydroxide 
(0.33 g) were dissolved in distilled water (70 cm3) and the solution placed in a blender. 
2,3,4,2',3',4'-Hexamethoxy-6,6'-diphenoyl dichloride (2 g) was dissolved in carbon 
tetrachloride (55 cm3) and placed in a separatory funnel. With the blender at maximum 
speed, the contents of the separatory funnel were rapidly added and stirring continued 
vigorously for 2 minutes157. The two immiscible solvents formed a milky white layer at the 
interface from which no material was isolated. 
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The previously outlined procedure was repeated using a magnetic stirrer as opposed to a 
blender. No white layer was observed after stirring (1-2 hours), with only the two 
immiscible solvent layers present. 
Tetrachloroethylene can be used as an alternative solvent to carbon tetrachloride160. The 
above methods were repeated substituting this solvent for carbon tetrachloride. The same 
trends were observed, with a milky layer forming at the interface after violent agitation 
(blender) and no visible reaction occurring with prolonged stirring. 
(Ill) Reaction (I) was repeated substituting hexamethylene diamine (0.83 g) for 
2,3,4,2',3',4,'-hexamethoxy-6,6'-diamino-diphenyl. A dark brown crystalline solid was 
isolated, dissolved in methanol (50 cm) and the mixture poured into water (200 cm). The 
precipitate collected was identified as 2,3,4,2',3,,4'-hexamethoxy-6,6'-diphenic acid (1.8 g) 
by comparison of the melting point with that of an authentic sample. 
(IV) Reaction (II) was repeated substituting hexamethylene diamine (0.48 g) for 
2,3,4,2',3',4,'-hexamethoxy-6,6'-diamino-diphenyl. The two immiscible solvents formed a 
milky white layer at the interface from which no material was isolated. 
The previously outlined procedure was repeated with the substitution of a magnetic stirrer 
for the blender. No visible reaction occurred at the solvent interface after prolonged stirring 
(1-2 hours). 
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The procedure was also repeated substituting tetrachloroethylene for carbon tetrachloride. 
The same trends were observed, a milky layer formed after violent agitation (blender) and 
no visible reaction occurred after prolonged stirring. 
Although no polymeric material was isolated, it would appear a reaction had proceeded, as 
indicated by the formation of a milky white layer at the solvent interface. 
Polyurethanes - Attempted addition polymerization of diols with diisocyanates. 
(I) 2,3,4,2',3',4'-Hexamethoxy-6,6'-diisocyanato-diphenyl (5 g) in anhydrous 
"X "X 
chlorobenzene (50 c m ) , pyridine (0.5 c m ) and 2,3,4,2',3',4'-hexamethoxy-6,6'-
dihydroxydimethyl-diphenyl (4.74 g) were placed in a dry 100 cm three necked flask 
fitted with a stirrer, thermometer, reflux condenser, drying tube and nitrogen inlet154. The 
air was removed by evacuation and the flask filled with nitrogen. The mixture was then 
heated slowly in an oil bath under a slow stream of nitrogen to 200°C. The mixture was 
maintained at this temperature for a further 2 hours with stirring. The chlorobenzene was 
removed by distillation. The remaining material was poured into an aluminium tray and 
cooled. An intractable oily black tar was obtained. Trituration of the tar with numerous 
non-polar and polar solvents failed to yield any solid material. 
(II) Reaction (I) was repeated substituting bisphenol A (2.75 g) for 2,3,4,2',3',4'-
hexamethoxy-6,6'-dihydroxydimethyl-diphenyl. After 2 hours of refluxing, the reaction 
mixture was concentrated to an intractable dark brown tar. Trituration of the tar with 
numerous non-polar and polar solvents failed to yield any solid material. 
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(III) Reaction (II) was repeated substituting hexamethylene glycol (1.42 g) for bisphenol 
A. After 2 hours of refluxing, the reaction mixture was concentrated to a black intractable 
tar. Trituration of the tar with numerous non-polar and polar solvents failed to yield any 
solid material. 
(IV) Reaction (III) was repeated substituting ethylene glycol (0.75 g) for hexamethylene 
glycol. After 2 hours of refluxing, the reaction mixture was concentrated to a dark brown 
intractable tar. Trituration of the tar with numerous non-polar and polar solvents failed to 
yield any solid material. 
Polyureas - Attempted polymerization of diisocyanates with diamines. 
(I) 2,3,4,2',3',4'-Hexamethoxy-6,6'-diisocyanato-diphenyl (5 g) in anhydrous 
chlorobenzene (50 cm3) and 2,3,4,2',3',4,'-hexamethoxy-6,6'-diamino-diphenyl (1.4 g) 
were placed in a dry 100 cm3 three necked flask fitted with a stirrer, thermometer, reflux 
condenser, drying tube and nitrogen inlet154'161. The air was removed by evacuation and the 
flask filled with nitrogen. The mixture was then heated slowly in an oil bath under a slow 
stream of nitrogen to 200°C. The mixture was maintained at this temperature for a further 4 
hours with stirring. The chlorobenzene was removed by distillation, and the remaining 
material poured into an aluminium tray and cooled. An intractable black tar was obtained. 
Trituration of the tar with numerous non-polar and polar solvents failed to yield any solid 
material. 
(II) Reaction (I) was repeated substituting hexamethylene diamine (1.4 g) for 
2,3,4,2',3',4,'-hexamethoxy-6,6'-diamino-diphenyl. After 4 hours of refluxing, the reaction 
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mixture was concentrated to an orange/brown intractable tar. Trituration of the tar with 
numerous non-polar and polar solvents failed to yield any solid material. 
Cross linked alkyd resins - Attempted melt condensation of dicarboxylic acids and 
dimethyl diesters with triols. 
(I) In a flask fitted with a Claisen head, stirrer, condenser and nitrogen inlet 2,3,4,2',3',4'-
hexamethoxy-6,6'-diphenic acid (1 g) and anhydrous glycerol (0.33 g) were heated with 
stirring under a stream of nitrogen154. After 6 hours at 250°C, the mixture was poured into 
an aluminium tray and allowed to cool, an oily black resinous material which was not 
further characterized resulted. 
(II) Reaction (I) was repeated substituting dimethyl 2,3,4,2',3,,4'-hexamethoxy-6,6l-
diphenate (1 g) for 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenic acid. After 6 hours the reaction 
was terminated, and on cooling a white oil containing a brown gum was recovered. The 
1 "X 
mixture was dissolved in methanol (50 c m ) , poured into water (200 c m ) and the 
precipitate identified as dimethyl 2,3,4,2',3,,4'-hexamethoxy-6,6'-diphenate (0.8 g) by 
comparison of the melting point with that of a previously prepared sample. 
3.2.3 Discussion. 
Steric effects can either enhance or depress the reactivity of functional groups on polymer 
chains162. The importance of steric factors depends upon the size of the substituent. Scale 
Catalin models of the envisaged polymer chains revealed the bulky substituents on 
alternative chain atoms interfered with each other to a marked degree. The situation is 
more favourable between substituents on asymmetric carbons of opposite symmetry (d, l) 
such that the substituents lie on opposite sides of the plane. Suitable rotations about 
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carbon-carbon bonds of the chain backbone decrease these difficulties. However, excessive 
coiling of a chain brings about interference between a substituent and its neighbouring 
substituents in either direction. Hindrance to rotation in its most primitive form is 
encountered in simple, singly bonded molecules such as ethane. 
Computational molecular modeling. 
Subsequent to completion of this work, access to a computer modelling program became 
available. In an attempt to further ascertain if steric hindrance was indeed responsible for 
the failure of any significant polymerization by the trial compounds, theoretical models of 
the expected polymer products were constructed by computational molecular modelling 
and analyzed. Models were generated using the computer package CS ChemOffice Std™ 
4.5 by the CambridgeSoft Corporation. 
Computational methods calculate the potential energy surfaces of molecules. The potential 
energy surface can be considered to be the embodiment of the forces of interaction among 
atoms in a molecule. From the potential energy surface, structural and chemical 
information about a molecule can be derived. 
Three basic types of calculations were performed. The single point energy calculation is 
the energy of a given spacial arrangement of the atoms in a model or the value of the 
potential energy surface for a given set of atomic coordinates. Geometry optimization is a 
technique used for locating a stable confirmation of a model without crossing a 
conformational energy barrier. This systematic modification of the atomic coordinates of a 
model result in a geometry where the net forces on the structure sum to zero, producing a 
three dimensional arrangement representing a local energy minimum. Property calculations 
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predict certain physical and chemical properties such as charge density, dipole moment and 
heat of formation as well as steric energy and electrostatic potential. 
Molecular mechanics theory. 
Modelling was carried out by the molecular mechanical method based upon the techniques 
application of locating stable conformations of unrealistic structures with strained ring 
systems. Molecular mechanics describes the energy of a molecule in terms of a set of 
classically derived potential energy functions. The potential energy functions and the 
parameters used for their evaluation are known as the "force-field". The molecular 
mechanical method is based on the following principles: 
(I) Nuclei and electrons are treated as unified atom-like particles. 
(fl) Atom-like particles are typically treated as spheres. 
(Tfl) Bonds between particles are viewed as harmonic oscillators. 
(TV) Non-bonded interactions between these particles are treated using potential 
functions derived using classical mechanics. 
(V) Individual potential functions are used to describe the different interactions: bond 
stretching, angle bending and torsional (bond twisting) energies, and through space 
(non-bonded) interactions. 
(VI) Potential energy functions rely on empirically derived parameters (force constants, 
equilibrium values) that describe the interactions between sets of atoms. 
(VII) The sum of interactions determine the spatial distribution (conformation) of atom-
like particles. 
(VIII) Molecular mechanical energies have no meaning as absolute quantities. They can 
only be used to compare relative steric energy (strain) between two or more 
conformations of the same molecule. 
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Monomer 1 
1 Diol (108) 
[ Bisphenol A 
1 Hexamethylene glycol 
j Ethylene glycol 
1 Diamine (107) 
Hexamethylene diamine 
Diol (108) 
1 Bisphenol A 
1 Hexamethylene glycol 
1 Ethylene glycol 
Diamine (107) 
Hexamethylene diamine 
Monomer 2 
Diacid (11)/Diester (12) 
Diacid (11)/Diester (12) 
Diacid (11)/Diester (12) 
Diacid (11)/Diester (12) 
Diacid (11) / Diacid 
chloride (103) 
Diacid (11) / Diacid 
chloride (103) 
Diisocyanate (105) 
Diisocyanate (105) 
Diisocyanate (105) 
Diisocyanate (105) 
Diisocyanate (105) 
Diisocyanate (105) 
Polymer produced 
(predicted) 
Polyester 
Polyester 
Polyester 
Polyester 
Polyamide 
Polyamide 
Polyurethane 
Polyurethane 
Polyurethane 
Polyurethane 
Polyurea 
Polyurea 
Steric energy 
(kcal/mole) 
225.36 
98.75 
157.66 
152.92 
118.71 
64.89 
140.22 
88.60 
52.43 
48.01 
100.33 
46.39 
Table 3.1 - Minimal steric energies for the most stable configurations of the predicted 
polymer products. 
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The large steric energies calculated for the most stable confirmations of the predicted 
polymer products (Table 3.1), established that the polymerization of the trial compounds 
indeed failed due to steric hindrance. The calculated steric energies are all much greater 
than the activation energy (10 - 35 kcal/mole) generally required for most organic 
1 "XK 
reactions . The intractable black tars isolated from many of the reactions suggests limited 
formation of short chain polymeric material did occur. Generally, the greater the bulkiness 
of a reactant (diol (108) > bisphenol A > hexamethylene glycol > ethylene glycol), the 
larger the steric energy and thus steric hindrance. 
3.2.4 Conclusions. 
The derivatives prepared were unsuitable in the polymerization reactions carried out due to 
the steric hindrance caused by the bulky nature of those groups in close proximity to the 
reaction site. The observation that starting material was never quantitatively recovered and 
the remaining residue was gummy in nature, attests that polymerization is occurring, albeit 
very slowly and readily terminated. 
98 
'OH" 
°v OH 
Irreversible \ H ? 0 
(atpH<7) ' ~ 
OH" H20 
O +OH" 
Otf 
H20 
Q OH 
Figure 4.1 - Hydrolysis pathway 
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CHAPTER 4 EXAMINATION OF ELLAGIC ACID AND WATER-SOLUBLE 
ELLAGATES AS METAL PRECIPITANTS. 
4.1 Introduction. 
During soda pulping of eucalypt species, blockages are caused by insoluble, green deposits 
which form in the pipelines and heat exchangers57,64. These deposits have been identified 
as metal-ellagic acid complexes, the chief metals being sodium, iron, magnesium and 
calcium34'57'64'120. The ease of removal of Cu2+, Fe3+, Ce3+ and La3+ by a synthetic 
macroporous ellagitannic acid resin54 indicated ellagic acid may have potential as a metal 
precipitant. Sioumis56 subsequently used ellagic acid to remove Fe2+, Fe3+, Cu2+ and Co2+ 
from dilute, mildly acidic aqueous solutions. Based upon these findings, the removal of 
metal ions by ellagic acid and its water-soluble derivatives (at both basic and acidic pH) 
was investigated. 
4.1.1 The hydrolysis effect. 
The insoluble nature of ellagic acid at pH less than 71 indicated that the water-soluble 
ellagate salts may be susceptible to precipitation by hydrolysis (Figure 4.1). In order to 
examine this possible pathway, and ascertain at what pH the ellagate anion becomes 
unstable in solution and begins to precipitate, a series of titrations were carried out. The pH 
was recorded for each drop of standard acid (0.1M HC1) added to the aqueous water-
soluble ellagates (Figure 4.2). These titrations gave a precipitate of pure ellagic acid. 
Further, in all titrations an oscillation of pH was observed to occur at the commencement 
of the formation of ellagic acid (pH 5.5) and ceased at the conclusion of ellagate 
protonation (pH 3.5). 
100 
pH 
5 
Figure 4.2 - Titration of ellagate anions with 0.1M H C 1 
It is envisaged that metal ions may preferentially react with the hydroxide ions produced 
by the partial hydrolysis of the ellagate salts. As the pH is reduced, further hydrolysis may 
occur, eventually exceeding the solubility product of ellagic acid, resulting in its 
precipitation. Any reduction in the metal ion concentration would thus result from the 
precipitation of the metal as an insoluble oxide or hydroxide. 
It is apparent that hydrolysis and competing equilibria will inhibit the ability of water 
soluble-ellagates to precipitate metal ions from dilute solutions at a strongly acidic pH. It is 
postulated that the associated formation constants of the complex and free ellagic acid must 
be such that at acidic pH, dilute concentration and room temperature and pressure, the 
formation of free ellagic acid will occur in preference to metal-ellagate complexes. The 
conditions used in the pulping process (high base concentration, elevated temperatures and 
pressures), facilitate the formation of the insoluble complexes rather than the theoretical 
0.1MHCI Titration 
Volume HCl Added (cm3) 
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Figure 4.3 -Positions of some natural environments as characterized by Eh and pH 163 
Figure 4.4 -Eh-pH diagram for part of the system Cu-O-H 
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alternative (hydrolysis of ellagitannin glycosides followed by the precipitation of ellagic 
acid). 
Hydrolysis of ellagic acid could also be a factor explaining why no salts of ellagic acid 
have shown any biological effect when administered orally91. Hydrolysis of the salt in the 
acidic environment of the stomach is inevitable, and once hydrolysed the acid (1) is 
presumably unable to be absorbed by the body. The haze in beer100 and the deposition of 
ellagic acid during tanning27 could also be due to hydrolysis where the presence of other 
acids results in the precipitation of ellagic acid. As hydrolysis is an equilibrium process, it 
may take some time before precipitation of free ellagic acid is noticeable to any extent. 
4.1.2 Analysis ofPourbaix diagrams. 
Pourbaix diagrams are potential-pH plots which display some of the most 
thermodynamically stable species present for a given element and can be a useful guide for 
predicting species in solution. Eh reflects the abundance of electrons in the system. A large 
number of available electrons produces a reducing environment, whereas an absence 
results in oxidizing conditions. Given pH represents proton availability, a large number of 
protons would afford an acidic environment and a scarcity, a basic one. Protons and 
electrons have opposite charges, therefore oxidizing environments (high Eh) tend to be 
acidic and reducing systems tend to be basic (Figure 4.3). 
The effect of changes in pH on the redox potential of a reaction illustrates the important 
interconnecting roles that Eh and pH have on mineral and ionic equilibrium . The 
stability limits of minerals and ionic species may be displayed on Pourbaix diagrams 
relating these two variables in aqueous systems (Figure 4.4). 
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Metal / 
pH 
B 
Mg 
Ca 
Al 
Sc 
Ti 
V 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Ag 
Au 
Zn 
Cd 
Hg 
Sn 
Pb 
1 
H3B03 
Mg2+ 
Ca2+ 
Al3+ 
A10H2+ 
Sc3+ 
Ti02+ Ti02 
V0 2 + 
CrOH2+ 
Mn2+ 
Fe2+Fe3+ 
Co2+ 
Ni2+ 
Cu Cu2+ 
Ag Ag+ 
AgCI2' 
Au AuCl2" 
AuCl42" 
Zn2+ 
Cd2+ 
Hg Hg22+ 
Hg2+ 
SnO Sn02 
Pb Pb2+ 
PbS04 
3 
H3B03 
Mg2+ 
Ca2* 
Al3+ 
A10H2+ 
Sc3+ 
Ti02 
V0 2 + V203 
H2V04" 
CrOH2+ 
HC1O4' 
Mn2+ 
Fe2+Fe3+ 
Co2+ 
Ni2+ 
Cu Cu2+ 
Ag Ag+ 
AgCl2-
Au AuCl2" 
AuCl42' 
Zn2+ 
Cd2+ 
Hg Hg22+ 
Hg2+ 
SnO Sn02 
Pb PbS04 
5 
H3BO3 
Mg2+ 
CaS04.2H20 
Al(OH)3 
ScOH2+ 
Ti02 
V203 V204 
H2V04" 
HCr04_ 
Cr203 
Mn2+ Mn0 2 
Fe2+ 
Fe(OH)3 
Co2+ 
Ni2+ 
Cu Cu2+ 
Ag Ag+ 
AgCl2-
Au AuCl2" 
Zn2+ 
Cd2+ 
Hg Hg22+ 
Hg2+ 
SnO Sn02 
Pb PbS04 
7 
H3BO3 
Mg2+ 
CaC03 
A1(0H)3 
Sc(OH)3 
Ti02 
V203 V 20 4 
H2V04" 
Cr042" 
Cr203 
Mn2+ 
M n 0 2 
Fe2+ 
Fe(OH)3 
Co2+ 
Co304 
Ni2+ 
CuO Cu 
Cu20 
Ag Ag+ 
AgCl2-
Au AuCl2" 
Zn2+ 
Cd2+ 
HgHgO 
HSn02" 
Sn02 
Pb PbCQ3 
8.5 
H3B03 
Mg2+ 
CaC03 
A1(0H)3 
Sc(OH)3 
Ti02 
v2o3 v2o4 
HV042" 
Cr042' 
Cr203 
Mn2+ M n O 
Mn0 2 
Fe(OH)3 
Co304 
C0CO3 
Ni(OH)2 
CuO Cu 
Cu20 
Ag Ag+ 
AgCl/ 
Au AuCl2* 
ZnO 
Cd2+ 
HgHgO 
HSnOa" 
Sn02 
Pb PbC03 
Pb02 
10.5 
H2B03" 
Mg(OH)2 
CaC03 
Al(OH)3 
Sc(OH)3 
Ti02 
V203 
HV042-
Cr042" 
Cr203 
Mn2+ MnO 
Mn0 2 
Mn304 
Fe(OH)3 
Fe304 
Fe(OH)2 
Co304 
C0CO3 
Ni(OH)2 
CuO Cu 
Cu20 
Ag Ag+ 
AgCV 
Au AuCl2" 
ZnO 
CdC03 
Hg HgO 
HHg02-
HSn02" 
Sn02 
PbC03 
Pb02 
Pb304 Pb 
13 
HB032-
Mg(OH), 
CaC03 
A102' 
Sc(OH)4" 
Ti02 
HV042-
Cr042-
Cr203 
MnO 
Mn02 
Mn(OH)2 
Mn304 i 
Fe(OH)3 
Fe304 
Fe(OH)2 
Co304 
HCo02" 
HNi02" 
Cu Cu022-
CuO Cu20 
Ag(OH)2" 
AgCl2"Ag 
Au 
H2Au03" 
Zn022" 
Cd022-
Hg 
HHg02" 
HSn02' 
Sn032' 
Pb02 
Pb3O4Pb0 
Table 4.1 - Common metal species occupying Eh-pH fields at various pH1 
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Analysis of Pourbaix diagrams164 regarding the thermodynamic stability of ionic species as 
a function of proton and electron availability, was carried out for numerous metals (Table 
4.1). Previously d e s c r i b e d ^ H s ^ . n o , ^
 metal.dlagic ^  ^ ^ ^ ^ ^ 
involved ionic species bound to ellagic acid. Complexation between ellagic acid and 
covalent species is rarely reported. Based upon these observations it is postulated that 
metal removal by ellagic acid and its water-soluble derivatives is most likely at the p H 
where ionic species occupy the Pourbaix diagram. 
Based upon the analyses of Pourbaix diagrams164 (Table 4.1), no significant decreases in 
boron, scandium, titanium, vanadium, chromium, mercury, tin and lead concentrations 
were expected from p H 1 to 13 by chelation with ellagate anions. Study of the Eh-pH 
diagrams164 did, however, justify examination of Mg 2 +, Ca2+, Al3+, Mn 2 + , Fe2+, Fe3+, Co2+, 
Ni , Cu , A g , A u , Zn + and Cd2 + species. In addition to the square planar metal-
ellagate complexes previously described34'121, the presence of the octahedral hole in the 
crystal structure of ellagic acid (Figure 4.5)17 suggests that octahedral complexes may also 
form, at least more readily than tetrahedral metal complexes. 
BL b 
e P ^ - ^ 
,
 Q 3 
-»c 
Figure 4.5 - The octahedral hole in the crystal structure of ellagic acid (site M ) 17 
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4.2 Experimental. 
A series of 10 ppm metal ion solutions (90 cm3), buffered to pH 1, 3, 5, 7, 8.5, 10.5 and 13 
respectively, were added to solutions of 0.1% methanolic ellagic acid (10 cm3)5 6. Trials 
were conducted upon individual solutions of Mg 2 + , Ca2+, Al3+, Mn 2 + , Fe2+, Fe3+, Co2+, Ni2+, 
0A- 4- ^*4- , 0-\- O I 
Cu , A g , A u , Zn and Cd . After standing overnight, the solutions were centrifuged to 
remove any precipitate present and the subsequent concentration of metal ions in solution 
measured by flame atomic absorption spectroscopy. Initial metal ion concentration values 
were obtained by mixing buffered 10 p p m aqueous metal ion solutions (90 cm3) with 
•a 
methanol (10 c m ). A blank value was obtained by measuring the absorbance of a 0.1% 
methanolic solution of ellagic acid (10 cm3) and buffer solution (90 cm3). 
Similarly to the procedure56 described above, the removal of the heavy metal ions was 
attempted at p H 1, 3, 5, 7, 8.5, 10.5 and 13 respectively, utilizing 0.1% solutions of the 
water-soluble tetraguanidinium, tetracholine and tetrakis-benzyltrimethylammonium 
ellagates. Initial metal ion concentration values were obtained by mixing buffered 10 ppm 
aqueous metal ion solutions (90 cm3) with water (10 cm3). A blank value was obtained by 
measuring the absorbance of the 0.1% water soluble-ellagate solution (10 cm ) and buffer 
solution (90 cm3). The average of four atomic absorption readings was taken with a 
precision of ± 0.01 ppm. All tests were done in triplicate. The results of the analyses are 
represented in Figures 4.6 and 4.8 to 4.18. 
A mass balance of the metal chelation was conducted. Each precipitate collected by 
"X 
centrifugation was microwave digested with concentrated nitric acid (5 cm ) and hydrogen 
peroxide (1 cm3) using the following digestion profile: 
Step 1 - 1 minute at 250 W 
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Step 2 - 2 minutes at 0 W 
Step 3-5 minutes at 250 W 
Step 4-5 minutes at 400 W 
Step 5-5 minutes at 600 W 
Each digested sample was volumetrically diluted to 100 cm3 with distilled water, and the 
relevant metal concentration determined by atomic absorption spectroscopy. 
4.3 Discussion. 
4.3.1 Mg2+ removal. 
The Eh-pH field of magnesium164 is dominated by the Mg2+ species from pH 0 to 9.2. A 
field of magnesium carbonate (MgC03) is present from pH 9.2 to 9.8, and magnesium 
hydroxide (Mg(OH)2) precipitates at pH greater than 9.8. If the total dissolved carbonate is 
low, the MgC03 field is replaced by Mg(OH)2. Removal of magnesium by ellagic acid and 
water-soluble ellagates from pH 0 to 9 was considered possible. 
Hydrolysis of ellagic acid and its water-soluble derivatives occurred in preference to 
magnesium complex formation at neutral and acidic pH, resulting in the precipitation of 
the free acid. The isolation of a magnesium-ellagate complex at pH 8.5 indicated formation 
is initiated between pH 7 and 8.5 (Figure 4.6). At pH 8.5, greater than 60% of the aqueous 
Mg2+ was precipitated by the trial compounds. Further chelation (up to 95%) was noted at 
pH 10.5 and 13. Equilibrium constants must be such that at pH greater than 10, the 
formation of magnesium-ellagate complex occurs in preference to the precipitation of 
magnesium hydroxide. The formation of such a complex at basic pH is in accord with the 
H 
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conditions encountered in the paper and pulping mills ', where blockages due to the 
precipitation of ellagate complexes are encountered. 
The infrared spectrum of pure ellagic acid122 is characterized by a narrow OH-stretching 
band indicating uncomplexed hydroxyl groups at 3556 cm"1, a strong band due to the four 
free hydroxyl groups at 1339 cm"1, a carbonyl band at 1699 cm"1 and an 8-lactone C=0 
stretch at 1196 cm"1. In comparison, the infrared spectrum122 of the magnesium complex of 
ellagic acid exhibits a broad band between 3600 and 2500 cm"1, the carbonyl band shifts to 
1651 cm"1, the 8-lactone band to 1204 cm"1 and the free hydroxyl group at 1339 cm"1 is no 
longer present. The infrared spectrum of the magnesium-ellagate complex isolated 
experimentally was in accord with the literature description122, 3600-2500 (broad band), 
1650 (C=0 stretch) and 1210 cm"1 (8-lactone C=0). 
Hewitt and Nelson34 explained the shift in carbonyl absorption by assuming ionization of 
the hydroxyl groups at positions 3 and 3', and that the resultant ion exhibits derealization 
of charge (Figure 4.7). Derealization of this kind would increase the single bond character 
of the carbonyl groups and hence shift their absorption to a lower frequency. Inactivation 
of two pairs of hydroxyl groups in ellagic acid, as a result of the formation of a metal-
ellagic acid complex, would explain why, at high pH, these complexes do not show the 
susceptibility to oxidation normally expected in vicinal trihydroxyphenols . 
4.3.2 Ca2+ removal. 
The alkaline earth elements (group II metals of the s-block) are not noted for their ability to 
form complexes, they typically form ionic compounds. Complex formation is favoured 
when small highly charged ions with suitable empty orbitals of low energy can be used for 
110 
bonding . Given magnesium and calcium form divalent ions that are smaller than 
corresponding group I ions, group n elements form complexes more readily than group I 
elements. Both magnesium and calcium show a tendency to form complexes in solution 
with oxygen-donor ligands165, a property of the ellagate anion. 
Aqueous calcium , Ca , occurs from p H 0 to 3.7, crystalline gypsum (calcium sulphate 
dihydrate, CaS04.2H20) precipitates between pH 3.7 and 6.5, and at pH above 6.5, calcite 
(calcium carbonate, CaCC«3) occurs. The removal of calcium from aqueous solution at pH 0 
to 3 was deemed likely. 
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N o reduction of aqueous Ca2 + by complex formation at neutral and acidic p H was observed 
(Figure 4.8). Hydrolysis of ellagate species occurred preferentially, resulting in the 
precipitation of pure ellagic acid from pH 1 to 7. At more basic pH calcium-ellagate 
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complexation occurred, beginning between p H 7 and 8.5 and peaking at p H 10.5 with 
greater than 85% of aqueous calcium removed. Equilibrium conditions must be such that at 
basic pH, complex precipitation occurs in preference to calcium carbonate formation. 
The infrared spectrum of the experimentally isolated calcium-ellagate complex (3600-2500 
(broad), 1670 (C=0 stretch) and 1200 cm"1 (8-lactone C=0)) compared favourably to 
previously reported calcium-ellagate complex data122, (3600-2500 (broad), 1676 (C=0 
stretch) and 1198 cm"1 (8-lactone C=0)). 
4.3.3 Attempted Al removal. 
Group III elements of the p-block form complexes much more readily than the s-block 
elements, because of their smaller size and increased charge165. The univalent aluminium 
ion exists but is unstable, while the most common oxidation state of aluminium is Al . 
Many Al3+ compounds are covalent when anhydrous but form ions in solution. Numerous 
octahedral complexes are known, the most important with chelate groups such as 8-
hydroxyquinoline, used in the gravimetric determination of aluminium165. 
Aluminium164 is soluble as Al3+ or A10H2+ from pH 0 to 3.7. In the pH range 3.7 to 11.3 
gibbsite (aluminium hydroxide, Al(OH)3) precipitates and above pH 11.3, aqueous A102" 
occurs. The pH range for Al(OH)3 decreases (pH 4.4 to 7.25) as the activity of the system 
is lowered. Aluminium complexation between pH 1 and 3 by ellagate anions may be 
possible. 
Precipitation of ellagic acid, via the hydrolysis pathway, at acidic pH occurred in favour of 
the formation of an aluminium-ellagate complex at acidic pH (Figure 4.9). No complex 
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was isolated under neutral or basic conditions, with Al(OH)3 and AIO2" being the most 
likely equilibrium products. 
Given that the numerous ellagate complexes that have been
 reported34'52'54'56'57'64'120"123 
generally occur with divalent metal species, the failure of complex formation with trivalent 
Al is not entirely unexpected. 
Transition metals. 
The transition metals of the J-block have an unparalleled tendency to form coordination 
compounds with Lewis bases, that is, ligand groups that are able to donate an electron pair. 
Transition elements form complexes easily because they have small, highly charged ions 
and vacant low energy orbitals able to accept lone pairs of electrons donated by ligands 
The coordination number 6 is widespread in the transition elements, giving an octahedral 
structure. The coordination number 4 is less common, producing tetrahedral and square 
planar complexes165. 
4.3.4 Mn removal. 
Mn2+ has the electronic configuration d5 that corresponds to a half filled d shell. Mn + is 
therefore more stable than other divalent ions of transition metals and more difficult to 
oxidize. Most Mn2+ complexes are octahedral and have a high-spin arrangement with five 
unpaired electrons165. Complexes with chelating ligands are usually stable and isolated as 
solids. 
Mn2+ occupies much of the Eh-pH field of manganese from pH 0 to 10.6. Manganese 
dioxide (Mn02) occurs from pH 3.5 to 14 at high Eh164. As Eh decreases, manganous oxide 
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(MnO) forms (pH 8 to 14) as well as M n 3 0 4 (pH 9.2 to 14) and manganous hydroxide 
(Mn(OFf)2, pH 10.6 to 13). In a reducing environment Mn(OH)2 dissolves at more alkaline 
pH than 13 to Mn(OH)3". Manganese chelation may occur from pH 0 to 10.6. 
Failure of the trial compounds to reduce the concentration of aqueous Mn2+ from pH 1 to 5 
(Figure 4.10) can be attributed to protonation of the ellagate ions. The previously 
unreported manganese-ellagate complex began precipitating between pH 5 and 7 (peaking 
04-
at p H 8.5 with around 8 0 % M n removed), and was distinguished from ellagic acid by the 
migration of absorption peaks of the infrared spectrum. vmax (KBr): 3600-2500 (broad 
band), 1648 (C=0 carbonyl stretch) and 1180 cm'1 (8-lactone C=0). Chelation ceased 
between pH 8.5 and 10.5, probably due to the formation of the more stable Mn02, MnO, 
Mn304, Mn(OH)2 and Mn(OH)3" species. 
4.3.5 Fe2+ andFe3+ removal. 
Ferrous ions form many complexes, mostly octahedral, but tetrahedral complexes are also 
known. Fe2+ has a d6 electronic configuration, and octahedral complexes with weak field 
ligands have a high-spin arrangement with four unpaired electrons165. Strong field ligands 
such as CN" cause spin pairing resulting in more stable complexes as they have a larger 
crystal field stabilization. Spin pairing also results in the complexes being diamagnetic166. 
Fe2+ is present in the iron Eh-pH field164 from pH 0 to 8.7 and Fe3+ occupies part of the 
field from pH 0 to 3.2. The iron field is dominated by ferric hydroxide Fe(OH)3 at pH 
greater than 3.2. Ferrous hydroxide (Fe(OH)2) occurs between pH 8.7 and 13.5 but is 
unstable and decomposes on standing to Fe304. Aqueous Fe022" occurs at pH greater than 
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13.5 in a reducing environment. Suitable conditions appear to exist for Fe2+ and Fe3+ 
removal by ellagic acid and its water-soluble derivatives between pH 0 to 9. 
Similarly to previous reports56, Fe2+ and Fe3+ removal by ellagate ions began between pH 1 
and 3, and continued to between pH 7 and 8.5 (Figures 4.11 and 4.12). At pH 5 and 7 
almost all Fe and Fe (greater than 95%) is removed from solution by chelation with 
ellagic acid. The water-soluble ellagates trialed removed comparable levels of Fe2+ and 
Fe3+ at pH 7. Ferric iron was removed more extensively than Fe2+ at pH 3 and 5, an 
observation in accord with the findings of Sioumis56. 
The infrared spectrum of the experimentally isolated iron-complex (vmax (KBr): 3600-2500 
(broad band), 1675 (C=0 carbonyl stretch) and 1190 cm"1 (8-lactone C=0)) compared 
favourably with literature studies122 (vmax (KBr): 3600-2500 (broad band), 1677 (C=0 
carbonyl stretch) and 1188 cm"1 (8-lactone C=0)). At basic pH iron-ellagate chelation 
ceased, most likely due to the formation of insoluble Fe(OH)2 and Fe(OH)3. 
0-\-
4.3.6 Co removal. 
Co2+ complexes may be octahedral but are usually tetrahedral165. Less commonly Co + 
forms square planar complexes with bidentate ligands such as dimethylglyoxime, and with 
tetradentate ligands such as porphyrins . 
Aqueous cobalt164, Co2+, occurs from pH 0 to 7.3 and under oxidizing conditions a large 
field of cobaltic oxide (Co304) is present at pH greater than 5.3. In a more reducing 
environment cobalt exists as CoC03 (pH 7.3 to 11.2), cobaltous hydroxide (Co(OH)2, pH 
11.2 to 12) and at pH greater than 12, HCo02". Appropriate parameters appear present for 
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Co2+ removal from p H 0 to 7. 
OA-
The complexing of Co ions with the bidentate ellagate species commenced between p H 3 
and pH 5 and continued to pH 8.5 where the reaction was most pronounced (up to 90% 
Co2+ chelated) (Figure 4.13). In contrast, Sioumis56 reported Co2+ chelation with ellagic 
acid began between pH 5 and 6. The cobalt-ellagate complex was characterized by infrared 
spectroscopy. vmax (KBr): 3600-2500 (broad band), 1675 (C=0 carbonyl stretch) and 1150 
cm"1 (8-lactone C=0). Beyond pH 8.5 no complexation was noted, most likely due to 
formation of the more stable CoC03, Co(OH)2 and HCo02" species. At pH 1 and 3 
isolation of ellagic acid by hydrolysis was noted. 
4.3.7AttemptedNi2+ removal. 
Ni2+ forms many complexes which are generally square planar or octahedral and quite 
complicated. Tetrahedral, trigonal bipyramidal and square based pyramidal structures are 
also known165. The octahedral complexes are paramagnetic as the d8 ion has two unpaired 
electrons. In complexes with strong field ligands such as CN", the electrons are forced to 
pair up and diamagnetic square planar complexes are formed 
In the simple nickel Eh-pH system164, a narrow field of nickel hydroxide (Ni(OH)2) from 
pH 8 to 12 separates a large field of Ni2+ (pH less than 8) and HNi02" (pH greater than 12). 
It is conceivable that a nickel-ellagate complex may precipitate from pH 0 to 8. 
Ni2+ failed to chelate with ellagic acid or its water-soluble derivatives to any marked extent 
across the entire pH range (Figure 4.14). At acidic pH, hydrolysis of the ionic ellagate took 
place. Around neutral pH the trial compounds would have been unable to complex the 
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metastable, covalent NiOH*. Alternatively, at more basic p H equilibrium, conditions are 
such that the thermodynamically stable Ni(0H)2 and HNi02" species would form in 
preference to a nickel-ellagate complex. 
The copper group. 
Of the generally noble copper group, the only ions which exist in solution as simple 
hydrated ions are Cu2+ and Ag+. Univalent Cu+ and Au+ ions disproportionate in H20, and 
as a result only exist as insoluble compounds or complexes165. Cu3+, Ag2+ and Ag3+ are so 
strongly oxidizing they reduce water and can only occur when stabilized in complexes, or 
as an insoluble compounds165. Cu2+ has the electronic configuration d9, and hence has one 
unpaired electron and forms paramagnetic complexes. Most Cu2+ complexes have a 
distorted octahedral structure and are blue or green. Tetrahedral and square planar ions are 
also known. Ag2+ can be made to form complexes by oxidation of Ag+ solution, the 
complexes are square planar and paramagnetic. Au3+ forms square planar complexes . 
4.3.8 Cu2+ removal. 
In a reducing environment, native copper occurs across the entire pH range . At acidic 
pH (0 to 6.5) native copper is oxidized to the cupric ion, Cu2+, and to cuprous oxide 
(cuprite, Cu20) at pH greater than 5.2. Cuprite in turn oxidizes to cupric oxide (CuO) 
under higher Eh conditions (pH 6.5 to 13). At pH higher than 13 CuO dissolves to form 
Cu02" and cuprite oxidizes to this species. The isolation of a copper-ellagate complex may 
occur between pH 0 and 6.5. 
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In the presence of C u + ions, hydrolysis of ellagic acid and its water-soluble derivatives 
was observed at pH 1 and 3 (Figure 4.15). As shown by previous workers56, the copper-
ellagate complex began precipitation between pH 3 and 5. Complex formation ceased 
between pH 7 and 8.5, and isolation was greatest at pH 7 (in excess of 80% removal). The 
complex was distinguished from pure ellagic acid by infrared spectroscopy. vmax (KBr): 
3600-2500 (broad band), 1635 (C=0 carbonyl stretch) and 1192 cm"1 (8-lactone C=0). 
Cu2+ chelation occurred in preference to CuO and Cu20 formation at pH 7 (also noted by 
Sioumis ), but as the pH became more basic, copper most likely occupied the system as 
the oxidation species CuO, Cu20 and Cu022" in favour of the copper-ellagate complex. 
4.3.9 Attempted Ag+ removal. 
A large field of native silver (pH greater than 1.3) dominates the Eh-pH space of silver164. 
At higher Eh native silver oxidizes to Ag+ (pH 0 to 12) or Ag(OH)2" (pH greater than 12), 
and if chloride is added to the system, AgCl2" replaces most of the Ag+ field. It is possible 
silver may be removed from solution from pH 0 to 12. 
Precipitation of pure ellagic acid occurred from pH 1 to 7 in favour of Ag+ chelation due to 
ellagate protonation (Figure 4.16). No Ag+ removal was observed at basic pH. As 
previously reported34'52'54'56'57'64'120"123 ellagate complexes generally occur with divalent 
species, at basic pH the inability of the ellagate species to complex Ag+ ions can be 
attributed to the presence of the univalent species (Ag+) which generally forms simple 
insoluble ionic compounds. Ag(OH)2 precipitates at pH greater than 12. 
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Figure 4.17 - A u 3 + removal bv ellagic acid and its water-soluble derivatives 
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4.3.10 Au3+ removal. 
Au3+ has a d8 configuration, and with its higher electronegativity in comparison to copper, 
can obtain an adequate share of electrons from a smaller number of ligands166. Gold forms 
particularly stable square planar, four-coordinate complexes that are more stable than 
simple cationic compounds165, the most commonly encountered are AuCl4" and Au(CN)4". 
Many Au3+ complexes (especially the halides) are powerful oxidizing agents and are easily 
reduced167. 
Native gold essentially occupies all the Eh-pH diagram of gold164. If dissolved chloride is 
present in the system, AuCl2" and AuCU " species occur under very acidic and oxidizing 
conditions. An increase in the activity of dissolved chloride results in enlarged fields of 
AuCl2" and AuCl42. 
Au3+ complexation (Figure 4.17) occurred extensively from pH 1 to 7 (greater than 90% 
removal) before decreasing as test solutions became more basic. The previously unreported 
gold-ellagate complex was characterized as distinguishable from pure ellagic acid by 
infrared spectroscopy. vmax (KBr): 3600-2500 (broad band), 1720 (C=0 carbonyl stretch) 
and 1190 cm"1 (8-lactone C=0). 
It is postulated that equilibrium constants must be such that the ellagate anion chelates 
Au3+ more strongly than the chloride ion, resulting in its displacement and the precipitation 
of square planar gold-ellagate complex. The small, highly charged Au3+ atom must 
complex so strongly that its stability constant inhibits displacement by protonation of 
ellagic acid, allowing extensive chelation to occur across the entire pH range trialed. 
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Figure 4.18 - Attempted Zn removal by ellagic acid and its water-soluble derivatives 
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4.3.11 Attempted removal ofZn2+ and Ccf+. 
Zinc and cadmium have d10s2 electronic arrangements and typically form M2+ ions165. 
Many of their compounds are appreciably covalent, and because these ions have a 
complete d shell, they do not behave as typical transition metals. They show only slight 
similarity with group II elements even though the ions are divalent. Zinc shows some 
similarities to magnesium, but is more dense and less reactive due to its smaller radius and 
higher nuclear charge, it also has a much stronger tendency to form covalent 
compounds165. 
Zinc and cadmium are broadly similar in most of their properties and do not show variable 
valency. Zn2+ and Cd2+ form complexes with oxygen-donor ligands, a property of the 
ellagate anion. Zn2+ and Cd2+ usually occur in four-coordination as tetrahedral 
complexes165, a configuration unreported for ellagate-metal complexes. Some octahedral 
complexes are known, but the octahedral complexes of zinc are not very stable. Cadmium 
forms octahedral complexes more readily and they are more stable than those of zinc 
because cadmium is larger165. 
Aqueous zinc, Zn2+, occupies the majority of the Eh-pH field of zinc164. A narrow field of 
amphoteric zinc oxide (zincite, ZnO) occurs from pH 8 to 11 and dissolves to form zincate 
(Zn022") at pH greater than 11. Appropriate parameters seem present for zinc removal at 
pH 0 to 8. 
From pH 1 to 3, the precipitation of ellagic acid, via the hydrolysis pathway, occurred in 
favour of the formation of zinc-ellagate complex (Figure 4.18). Between pH 3 and 7 no 
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Figure 4.19 - Attempted Cd2 + removal by ellagic acid and its water-soluble derivatives 
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chelation was apparent due to the instability of the formation of octahedral zinc complexes 
and the preference of zinc to form tetrahedral complexes. Given a zinc-ellagic acid 
complex has been previously123 synthesized by the reaction of zinc sulphate with ellagic 
acid in 0.02 M Tris-HCl-0.15 M NaCl at pH 7.4, crystallization of ZnC03 at pH 7 in this 
study must be responsible for the failure of any Zn2+ chelation. No complex was isolated 
under basic conditions as expected, with the stable ZnO and Zn022" species occupying the 
Eh-pH field. The reported122'123 zinc-ellagic acid complex must form in a relatively small 
pH range (pH 7.4 - 8). 
Cd2+ occupies a large field from slightly basic (pH 8.6) to very acidic pH164. CdC03 forms 
at pH 8.6, and at pH 11.1 cadmium hydroxide precipitates. Aqueous Cd022" occurs at pH 
higher than 12.8. It is conceivable that a cadmium-ellagate complex may precipitate from 
pH0to8.5. 
OA-
Cd failed to complex with ellagic acid or its water-soluble derivatives to any extent 
- OA-
across the entire p H range (Figure 4.19). In the presence of Cd ions, hydrolysis of ellagic 
acid and its water-soluble derivatives was observed at acidic pH. It was anticipated around 
iOA-
neutral and slightly basic p H that the trial compounds would chelate the available Cd 
species as hydrolysis of ionic ellagate cannot occur under these conditions. However, at 
more basic pH, equilibrium conditions were such that the thermodynamically stable 
CdC03, Cd(OH)2 and Cd022" species formed in preference to a cadmium-ellagate complex. 
4.4 Conclusions. 
The water-soluble ellagates exhibited an almost indistinguishable affinity for chelation. 
Ellagic acid demonstrated similar trends to these salts, but was marginally more efficient in 
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the removal of metal ions from aqueous solution. Recovery of the metals is possible using 
0.1N HC1 or 0.1 N HN03 to separate the metal ion from the ellagate complex56. Further 
investigation of metal ion removal was performed upon mixtures of the ions that were 
chelated by the trial compounds. Corresponding trends were observed to those when 
specific metal ions were employed. 
For all metal precipitation trials more than 98% of the metal ions chelated from each 
solution were accounted for by a mass balance. The mass balance involved microwave 
digestion and atomic absorption analysis of the metal-ellagate complexes that precipitated. 
Ellagic acid and its water-soluble derivatives remove divalent ionic metal ions from 
aqueous solution (at specific pH range) by the precipitation of square planar and possibly 
octahedral complexes. The range of chelated metal ions includes Mg2+, Ca2+, Mn2+, Fe2+, 
Fe3+,Co2+,Cu2+andAu3+. 
Given different heavy metal ions in a waste solution require different pH for optimal 
precipitation, with refinement a viable aqueous treatment system (dependant upon pH 
adjustment) using ellagic acid and its water-soluble ellagate salts to extract a specific metal 
ion or a specific group of metal ions is possible. The precipitation of one or more metal 
ions at one pH and the treatment of the remaining solution at another pH to achieve the 
separation of metal ions would be practical for metal ion removal from hydrometallurgical 
leach liquors and water requiring softening. 
The precipitation of metal-ellagate complexes offers an alternative recovery process for the 
removal of Co2+, Cu2+ and Au3+ (Figures 4.13, 4.15 and 4.17 respectively) from reclaimed 
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residue d a m water, acid mine drainage solutions, tailings, heap leach mine feed liquors and 
hydrometallurgical leach liquors. 
Direct electrowinning of copper by high purity cathodes is not possible from dilute leach 
solutions, thus cementation on scrap steel is utilized168. Although this technique is simple 
and efficient, the copper product is impure and must be melted and refined in a 
pyrometallurgical smelter168. The chelation of Cu2+ from dilute leach solutions by ellagate 
anions (Figure 4.15) may prove more effective. 
Gold recovery from dilute, alkaline cyanide solutions is carried out by carbon-in-leach and 
resin-in-leach processes169. The precipitation of Au3+ by ellagate complexation (Figure 
4.17) may be a feasible alternative to these techniques. Furthermore, replacement of 
conventional gold recovery processes169 such as stripping operations (reduction by 
chemical precipitation or electrolysis) and activated carbon adsorption may be possible. 
Complexation of Mg2+, Ca2+, Mn2+, Fe2+ and Fe3+ (Figures 4.6, 4.8, 4.10, 4.11 and 4.12 
respectively) is worth further consideration from the perspective of water softening. Iron 
and manganese are traditionally precipitated by aeration as oxides or hydroxides at neutral 
pH170, and as indicated by Eh-pH diagrams163'164 this is more successful for iron than 
OA- 'XA-
manganese. The presence of ellagate ions m a y further enhance the removal of Fe , Fe 
and Mn2+. The lime-soda process170 (addition of Na2C03 and Ca(OH)2) readily reduces 
calcium hardness but only reduces magnesium hardness above pH 10.6. Given the treated 
water then requires the addition of acid before it can be used, ellagic acid and its water-
soluble derivatives may enable Mg2+ hardness to be reduced at the more neutral and 
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feasible p H of 9. A further limitation of the use of lime is that hydroxide precipitates tend 
to resolubilize if the solution pH is altered170. 
Due to the competing equilibrium between the hydrolysis of free ellagic acid and the 
formation of an ellagate-metal ion complex at acidic pH, considerable work could be 
carried out determining solubility products and formation constants for the species 
involved. Physical parameters such as temperature and pressure could be investigated to 
determine their effect on the thermodynamics of the equilibrium reaction with regard to the 
various quaternary cations. The differences in amount of complexation due to salt type 
could also be investigated with regard to the less polar side groups and the tendency for 
hydrolysis to occur. 
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Radial 
Tangential 
Figure 5.1 -Anatomical directions of wood171 
133 
CHAPTER 5 INVESTIGATION OF ELLAGIC ACID AND ITS 
DERIVATIVES AS WOOD PRESERVATION AGENTS. 
5.1 Water repellency. 
5.1.1 Introduction. 
In situations where wood deteriorates rapidly it is financially advantageous to initially 
use more expensive, treated timber rather than replace damaged material70. Wood 
preservation prolongs the service life of timber by decreasing its susceptibility to 
insect, fungal and marine decay. An increase in dimensional stability and fire 
retardancy can also be achieved by impregnating timber with chemicals172. 
Wood is an excellent material for numerous building applications, but its exterior use 
1 fi 
suffers from its hygroscopic nature . This property causes the wood to swell when 
wet and shrink when dry. As wood is an anisotropic material, it swells and shrinks to 
different degrees in the three anatomical directions (Figure 5.1) - longitudinally 
(vertically), tangentially (parallel to annual growth rings) and radially (perpendicular 
to the annual growth rings)174. Repeated changes in moisture content lead to a 
continual deterioration (warping, twisting, bending, checking and splitting) of the 
timber174. 
Wood is a capillary porous medium175. The pore structure is defined by the lumina of 
the cells and the cell wall openings (pits) interconnecting them. The primary route for 
175 
liquid penetration into wood is provided by these capillaries 
Moisture enters the capillary structure of the wood and is adsorbed onto the cell walls 
through hydrogen bonding with cellulose and hemicelluloses175. Wood volume 
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increases nearly proportionately to the volume of water added175; therefore, a change 
in the rate of water adsorption is almost directly proportional to the change in 
swelling. Swelling increases until the cell wall is saturated with water; the fibre 
10ft. 
saturation point . Water added beyond this point remains in the lumen as free water 
and does not cause further swelling. Swelling of timber is a reversible process, wood 
will shrink back to its original volume when dried. 
The extent of swelling in wood, due to hygroscopic expansion, is dependent upon the 
density of the wood . The percentage volumetric swelling (V), is a function of the 
"X "X 
dry density (d in kg/m ) and the moisture content at fibre saturation (kf in m /kg 
percent). This relationship is expressed in Equation 1. 
Equation 1 : Calculation of the percentage volumetric swelling177 
V = kf.d 
Equation 1 determines the approximate volumetric swelling of wood passing from an 
oven dry state to fibre saturation, or the approximate volumetric shrinkage of wood 
passing from fibre saturation to oven dry 
At a moisture content above fibre saturation, wood is susceptible to attack by various 
fungi. The viability of the fungi are either reduced or inactivated at lower moisture 
contents. Two types of treatment can reduce the wood/water interaction, water 
repellents and dimensional stabilizers. Dimensional stabilizers reduce or prevent 
wood swelling at equilibrium conditions, while water repellents prevent or reduce the 
rate of liquid water uptake. 
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Figure 5.2 - Treatment of w o o d for water repellency and di™p"<""1™! stability . 
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Water repellents and dimensional stabilizers can be described as one of three types 
(Figure 5.2) 7 . A treatment may improve water repellency but not dimensional 
stability (Type I), the rate of moisture uptake is reduced but at equilibrium the extent 
of swelling is almost the same for the treated and untreated wood. Improvement in 
dimensional stability but not water repellency (Type II), shows a reduction in the 
extent of swelling but not the rate at which moisture is taken up. W h e n a treatment 
reduces both the rate and the extent of swelling (Type III), both water repellency and 
dimensional stability are improved174. 
Measurement of the contact angle between water and the wood surface (by sessile 
drop or tilting plate methods) is a direct indicator of water repellency, as is the rate of 
1 78 
change of the contact angle . However, contact angle measurements show poor 
reproducibility, and surfactants such as quaternary alkylammonium compounds are 
1 70 
rejected as water repellents by this method . Determination of the internal capillary 
angle174 and the rates of water uptake and swelling180 are other techniques commonly 
used to measure the water repellency of treated wood. 
A minimum water repellent effectiveness (WRE), usually expressed as a percentage 
reduction compared to an untreated control174, of 7 5 % is necessary for commercial 
approval of a water repellent181. The calculation of % W R E is shown in Equation 2. 
Equation 2 : Calculation of water repellent effectiveness (%WRE) 
%WRE = Dc-Dt X 100 
Dc 
Dc = swelling (or water uptake) of control during exposure in water for 't' minutes 
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Dt = swelling (or water uptake) of treated specimen, also for 't' minutes 
Water repellent treatments are applied to wood to prevent or reduce the rate of liquid 
water flow into the cellular structure. An effective water repellent has two modes of 
action, it prevents water being taken up by the capillary system and it renders the cell 
walls inert to water. Water is kept out of the capillary system by coating the entire 
surface of the wood or by impregnating the wood with a hydrophobic material 
deposited in such a way that water uptake is hindered173. 
Water repellent effectiveness is dependent upon a number of parameters, including 
method of treatment (immersion, vacuum treatment), carrier solvent, wood species 
and preservative distribution. Variables affecting the test methodology include water 
temperature (colder water creates higher uptakes) and purity , sample dimensions 
(specimen length markedly affects swelling and uptake), original wood moisture 
content (specimens are ideally conditioned to an equilibrium moisture content of 
around 12%), sorption hysterisis and simulated weathering . 
Dimensional stability, or the extent of change in wood dimensions at equilibrium as a 
result of moisture uptake, can be measured as a single dimensional component 
(tangential, radial or longitudinal) but is typically measured by taking into account all 
three dimensional changes (volumetrically). The calculations required to determine 
dimensional stability are given in Equations 3,4 and 5. 
Calculations for dimensional stability174 
Equation 3 S = V2-ViXl00 
V, 
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S = volumetric swelling coefficient 
Vi = wood volume of oven dried sample before conditioning or wetting 
V2 = wood volume after humidity conditioning or wetting with water 
Equation 4 S = V?,-V,xlOO 
~ V 2 " 
S = volumetric swelling or shrinking coefficient 
Equation 5 %ASE = Sj - S2. X 100 
" S i " 
ASE = reduction in swelling or shrinking efficiency resulting from a treatment 
Si = untreated volumetric swelling or shrinking coefficient 
S2 = treated volumetric swelling or shrinking coefficient 
Water soaking or humidity testing are generally employed to determine the 
dimensional stability of treated samples174. As dimensional stability is based upon 
comparison of untreated and treated samples, it is crucial that the treated sample is 
from the same source as the control. Blocks can serve as their own controls if they are 
subjected to a soaking-drying cycle prior to treatment. Specimen size and geometry 
are important in dimensional stability tests. The tangential dimension changes the 
most during swelling and shrinking, and specimens with a maximum tangential 
dimension and minimal longitudinal dimension are most desirable. 
Dimensional stability can be improved by quartersawing (minimizing tangential and 
maximizing radial grain directions)174 and by selecting wood species that have a low 
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coefficient of moisture expansion184. Heating wood up to 350°C for short times in the 
absence of oxygen reduces its hygroscopicity due to the thermal degradation of the 
hemicellulose185; however, reorientation of the cellulose also occurs, which can result 
in brittleness. Dimensional stabilization can include moisture uptake reduction, 
chemical crosslinking (cell walls chemically crosslinked with formaldehyde restrain 
wood from swelling when moisture is present) and bulking agents174. 
Hydroxyl groups are the most abundant reactive sites in wood186. Treatment of wood 
with chemicals that are not merely deposited in the wood, but undergo reactions with 
the hydroxyl groups of cellulose, hemicellulose and lignin is desirable186'187. 
Chemicals used include anhydrides, isocyanates, acid chlorides, aldehydes and 
epoxides174. 
Bulking treatments improve stability by occupying sites within the wood cell wall to 
the exclusion of water174. Wood volume increases are directly proportional to the 
theoretical volume of chemical added188. When wood modified by cell wall bulking 
comes into contact with water, little additional swelling (dimensional instability) 
occurs. The three classes of bulking treatments 7 are: 
(a) non-bonded and leachable 
(b) non-bonded and non-leachable 
(c) bonded and non-leachable 
The treatment of wood with water-soluble ellagates may allow the ellagate anion to 
enter the wood cell wall where it can precipitate as ellagic acid. Thus the deposited 
acid (1) can hydrogen bond with free hydroxyl groups on the cellulose. Ellagic acid is 
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water-insoluble and possibly non-leachable, it may interact with the cellulose to the 
exclusion of water. Quaternary alkylammonium cations should interact with the 
hydroxyl groups of the cellulose, the principal constituent of the cell wall, and 
consequently provide dimensional stability. Use of water as a solvent is advantageous 
due to its ability to swell the cell wall. This contributes to a larger uptake of 
preservative, and results in a more evenly distributed treatment189. Water is non-toxic 
and effectively free. 
Many non-polar organic solvents, such as hexane and linseed oil, do not swell the 
1 7^ 
wood cell wall , thus water repellents in these solvents are probably deposited upon 
the cell wall surfaces. By coating the lumen, these water repellents reduce the rate of 
adsorption onto the cell wall and thus decrease the initial rate of liquid uptake190. 
It is envisaged that ellagic acid in A^-methylpyrrolidone will provide non-leachable 
bulking, by precipitation of the insoluble free acid within the cell wall. The size of the 
ellagic acid molecule is sufficiently small to penetrate the cell wall. The polar nature 
of the N-methylpyrrolidone should allow some swelling of the cell wall. Swelling 
with JV-methylpyrolidone is not anticipated to be of the same magnitude as swelling 
due to water uptake, as the larger size of N-methylpyrrolidone may reduce the 
solvents accessibility to the cellulose. No chemical crosslinking is expected. 
Isocyanates react with hydroxyl groups to form carbamic esters. This reaction does 
not lead to the generation of unwanted byproducts and should not cause serious 
degradation of wood191. It is proposed that treatment of wood with 2,3,4,2',3',4'-
hexamethoxy-6,6'-diisocyanto-diphenyl will reduce the wood's hygroscopicity by 
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bulking the cell wall with a non-leachable, permanently bonded chemical. The two 
reactive isocyanate groups in 2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanto-diphenyl 
may give rise to crosslinking. The diisocyanate (105) will also reduce the number of 
free hydroxyl groups available to hydrogen bond with water. Dioxane, the solvent 
used to treat wood with the diisocyanate (105), has been shown to cause 62% relative 
swelling of wood cell walls compared with water175. Thus, it is expected that the 
dioxane will swell the cell wall and allow greater interaction between the cellulose 
and the diisocyanate (105). 
Timber impregnation with 2,3,4,2',3',4'-hexamethoxy-6,6'-diphenoyl-dichloride was 
not trialed, as the reaction of the diacid dichloride with wood produces hydrochloric 
acid as a byproduct, resulting in wood degradation174. 
Distribution differences between water and non-polar solvent based water repellents 
are probably associated with the ability of water to swell the cell wall189. In a swollen 
cell wall it may be possible for polar water repellents to bond to the cell wall, 
producing a more permanent effect189. A more uniform distribution enhances water 
repellent effectiveness. A satisfactory water repellent in a water based formulation is 
possible, and when combined with a suitable water based fungicide, a valuable water 
repellent preservative can be obtained. 
The water soak method was used to assess the water repellency of the treatments. 
Sapwood of Pinus radiata D.Don was treated according to the Ml8-78 standard 
method of the American Wood Preservers Assiciation181. Test material was treated as 
thin wafers of short longitudinal dimension to ensure complete penetration and 
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Treatment solution (solvent) 
TGE (99) (WATER) 
TCE (100) (WATER) 
BTM (101) (WATER) 
TMA (102) (WATER) 
EA (1) (NMP) 
DnSO (105) (DIOXANE) 
Retention (kg/m3) "~ 
5 % solution 
(%VAR) 
28.1 
(0.84) 
29.7 
(0.61) 
30.5 
(0.50) 
29.5 
(0.89) 
29.5 
(2.28) 
31.2 
(2.11) 
1 % solution 
(%VAR) 
5.7 
(1.12) 
5.9 
(0.69) 
5.9 
(0.21) 
6.1 
(1.01) 
6.1 
(19.33) 
6.3 
(1.18) 
0.1% solution 
(%VAR) 
0.6 
(4.42) 
0.6 
(0.79) 
0.6 
(1.36) 
0.6 
(0.76) 
0.6 
(0.74) ' 
0.6 
(0.76) 
Table 5.1 - Treatment solution retention (kg/m3) of wafers used for water repellency 
and dimensional stability trials 
The following solvent uptakes were noted: water (593 L/m3), iV-methylpyrrolidone 
(601 L/m3) and dioxane (606 L/m3). 
The percentage variance of each treatment retention was calculated using equation 6. 
Equation 6 : Calculation of % variance 
%VAR = Standard deviation x 100 
Mean 1 
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coating of all wood surfaces with the test solutions. Tests were run in triplicate, and 
each cited value is a mean of three separate determinations. 
The benefit of a combined preservative and water repellent treatment is the 
incorporation of the repellent throughout the treated zone of the wood. A penetrating 
water repellent would allow the wood to be cut or resurfaced without performance 
loss, and water repellency would not be limited to the outer wood surface which is 
subject to maximum exposure and weathering192. 
5.1.2 Experimental. 
Wafer specimens measuring 6.5 mm by 25 mm by 50 mm in the longitudinal, radial 
and tangential directions respectively, were sawn to provide growth rings at 90° to the 
tangential face. Flatsawn, kiln dried Pinus radiata D.Don sapwood, free of grain 
deviation, was used181. 
Samples were sanded, and their dimensions and weights recorded. The equilibrium 
moisture content of each wafer was calculated (Equation 7) based upon the dry mass 
of the wafer (oven dried at 105°C for 48 hours). Prior to treatment, all samples were 
conditioned (25 °C and 65% relative humidity for 3 weeks) to a constant weight . 
For each treatment, three wafers, each from three different boards, were prepared. 
1 Rl 
One wafer from each board was also prepared for use as an untreated control 
Equation 7 : Calculation of moisture content 
%MC = Wet Mass-Dry Mass X KM) 
Dry Mass 1 
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| Treatment solution (solvent) 
TGE (99) (WATER) 
TCE (100) (WATER) 
BTM (101) (WATER) 
TMA (102) (WATER) 
EA(1)(NMP) 
DHSO (105) (DIOXANE) 
Concentration 
5% 
24 
24 
32 
31 
-13 
-5 
1% 
18 
25 
25 
25 
-18 
-17 
0.1% 
22 
22 
24 
25 
6 
-19 
Table 5.2 - Water-repellent effectiveness (%WRE1 of the treated wafers 
The water-repellent effectiveness of the iV-methylpyrrolidone and dioxane blanks 
were -5% and -3% respectively. 
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The test specimens were treated by a Bethel process consisting of a 30 minute initial 
vacuum (-85 kPa (gauge)) followed by a soak period of 1 hour at room temperature, 
after which the treatment solution was removed. A final vacuum (-85 kPa (gauge)) 
was applied for 15 minutes to remove excess treatment solution. Three concentrations 
(5%, 1% and 0.1%) of each preservative were trialed (preservative retentions are 
outlined in Table 5.1). Samples were individually removed from the treatment vessel, 
wiped lightly to remove any residual surface solution, weighed and their dimensions 
recorded, oven dried at 105°C for 24 hours and reweighed. Before testing, 
preservative fixation was carried out by conditioning (25°C and 65% relative 
humidity for 3 weeks) to an equilibrium moisture content of approximately 12%. 
Water repellency was determined by examining the tangential swelling and mass 
increase (measured to the nearest 0.0005 g) of the treated wafers after each sample 
had been immersed in distilled water at 24°C for 60 minutes181. Readings were also 
taken at 0, 0.5, 1, 2, 4, 6, 8, 10, 15, 20, 25 and 30 minutes181. Dimensional 
measurements were taken (by an IGP Industrial digital calliper rule accurate to 0.005 
mm) immediately after the wafers were removed from the water. Fresh distilled water 
was used for each individual wafer. 
5.1.3 Discussion. 
5.1.3.1 Water repellency. 
All water repellent effectiveness values (Table 5.2) were calculated based upon the 
%WRE equation (Equation 2)174. A significant difference in %WRE for treated and 
untreated wafers was found using Student's t-test (a = 0.05, 2 tailed) . 
3
 Statistical analyses for water repellency and dimensional stability are included in Appendix V 
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Treatment of wafers by water-soluble ellagates gave rise to a moderate improvement 
of water repellent effectiveness (Table 5.2). Values of between 18%, for 1% tetrakis-
tetramethylammonium ellagate treatment and 32%, for 5% tetrakis-
benzyltrimethylammonium ellagate treatment, were noted. An analysis of variance (a 
= 0.05, single factor) demonstrated that concentration had no significant effect upon 
water repellent effectiveness, similar %WRE values were observed for each water-
soluble ellagate treatment at all three trialed concentration levels. The analysis of 
variance also indicated that there was no significant difference in water repellent 
effectiveness between each water-soluble ellagate treatment. 
Tetrakis-benzyltrimethylammonium (32%, 25% and 24% for 5%, 1% and 0.1% 
solutions respectively) and tetrakis-tetramethylammonium (31%, 25% and 26% for 
5%, 1% and 0.1% solutions respectively) ellagate treatments provided the greatest 
water repellent effectiveness. %WRE values of 24%, 25% and 22% respectively were 
noted for 5%, 1% and 0.1% solutions of tetracholine ellagate. The smallest 
improvements in water repellent effectiveness were observed for tetraguanidinium 
ellagate treated wafers, 24%, 18% and 22% recorded for 5%, 1% and 0.1% treatment 
solutions respectively. 
Although water-soluble ellagates provide some water repellency by bulking the cell 
walls, they are unsuitable for commercial application as a minimum water repellent 
181 
efficiency of 7 5 % is stipulated as being necessary for water repellent effectiveness . 
3
 Statistical analyses for water repellency and dimensional stability are included in Appendix 
148 
r-
1200 -
1000 -
"g 800 -i 
g 
o> 600 -
0) 
£ 400 -
200 
n 
U n 
c 
Tetrakis-benzyltrimethylammonium ellagate treatment 
5% BTM 
1%BTM 
0.1% BTM 
UNTREATED 
) 10 20 30 40 50 60 
Time (mins) 
Figure 5.5 - Water repellency and dimensional stability of B T M treated wafers 
Tetrakis-tetramethylammonium ellagate treatment 
10 
5% TMA 
1%TMA 
0.1% TMA 
UNTREATED 
20 30 40 
Time (mins) 
50 60 
Figure 5.6 - Water repellency and dimensional stability of T M A treated wafers 
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Wafers treated with ellagic acid in JV-methylpyrrolidone exhibited no improvement in 
water repellency. %WRE values of -13% and -18% respectively in wafers treated by 
5% and 1% ellagic acid solutions were observed. However, a water repellent 
effectiveness of 6% was observed for 0.1% ellagic acid treatment. 
Comparison of these results is difficult without consideration of the solvent system. 
Wafers treated with A^-methylpyrrolidone displayed a -5% water repellent 
effectiveness. Given %WRE was reasonably uniform regardless of the concentration 
of the water-soluble ellagates in the wafers, similar trends may be expected for the 
ellagic acid treatment. If the result for the 0.1% solution is regarded as questionable 
(6% compared with -13% and -18%), then it may be postulated that wafer treatment 
by Af-methylpyrrolidone increases initial swelling rate. 
Although the addition of ellagic acid to the system further amplifies this swelling by 
between 8% and 13%, a Student's t-test (a = 0.05, 2 tailed)3 illustrated that there is 
no significant change in %WRE when ellagic acid is added to iV-methylpyrrolidone. 
An analysis of variance (a = 0.05, single factor)3 established that no significant 
differences in water repellent effectiveness can be attributed to ellagic acid 
concentration. Ellagic acid in 7V-methylpyrrolidone is thus unsuitable as a water 
repellent. 
Wafer treatment by 2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-diphenyl gave rise 
to results comparable to ellagic acid treatment. Water repellent effectiveness values of 
3
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-5%, -17% and -19% respectively for 5%, 1% and 0.1% treatment solutions were 
observed. 
No obvious concentration gradient effect could be discerned with the diisocyanate 
(105) treatment. Dioxane caused an increase in the initial swelling rate and Student's 
t-test (a = 0.05, 2 tailed)3 verified that the addition of the diisocyanate (105) to the 
system does not significantly affect this swelling. An analysis of variance (a = 0.05, 
single factor)~* showed the concentration of the diisocyanate (105) also has no 
significant effect upon %WRE. The 2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-
diphenyl in dioxane imparted no water repellency to the treated wafers. 
The solvents iV-methylpyrrolidone and dioxane may both be responsible for the 
redistribution and/or removal of extractives during impregnation. GC/HPLC analysis 
of the solvent extracts may elucidate the extent of redistribution and removal 
Most water repellents are successful when treated wood is initially exposed to water. 
Following repeated wetting, water repellents often show greatly diminished 
properties173. Therefore, the efficiency of a treatment also depends upon its ability to 
retain its water repelling properties after repeated exposure to wetting and drying 
cycles173. It is necessary to not only measure the initial degree of efficacy, but to 
ascertain the durability of the water repellent effectiveness173. Given that the 
treatments trialed did not produce commercially viable initial water repellent 
effectiveness (75%)181, the repellency after drying and wetting cycles was not 
investigated. 
3
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Concentration 
Treatment solution (solvent) 
TGE (99) (WATER) 
TCE (100) (WATER) 
BTM (101) (WATER) 
TMA (102) (WATER) 
EA (1) (NMP) 
DHSO (105) (DIOXANE) 
5% 
31 
40 
30 
42 
25 
25 
1% 
25 
29 
33 
32 
21 
24 
0.1% 
25 
27 
29 
31 
18 
| 
20 
Table 5.3 - Dimensional stability (%ASE) of the treated wafers 
The dimensional stability of the iV-methylpyrrolidone and dioxane blanks were 19% 
and 30% respectively. 
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5.1.3.2 Dimensional stability. 
Dimensional stability values (Table 5.3) were calculated based upon the %ASE 
equations (Equation 3, 4 and 5)174. A Student's t-test (a = 0.05, 2 tailed)3 
demonstrated that wafer treatment by ellagate derivatives significantly affected 
swelling, generating moderate dimensional stability at all three concentration levels 
tested. An analysis of variance (a = 0.05, single factor)3 established that for all 
treatments examined there was no significant difference in %ASE attributable to 
preservative type or preservative concentration. 
Moderate improvements in antiswelling efficiency, between 25% (1% solution of 
tetraguanidinium ellagate) and 42% (5% solution of tetrakis-tetramethylammonium 
ellagate), were noted for the water-soluble ellagates trialed. Tetracholine and tetrakis-
tetramethylammonium were the most effective dimensional stabilizers, producing 
improvements in antiswelling efficiency of 40%, 29%, 27% and 42%, 32%, 31% 
respectively for treatment by 5%, 1% and 0.1% solutions. Tetraguanidinium and 
tetrakis-benzyltrimethylammonium ellagate treatments resulted in antiswelling 
efficiencies of 31%, 25%, 25% and 30%, 33%, 29% respectively for the 5%, 1% and 
0.1% solutions. 
Improvement of dimensional stability was also achieved by the treatment of wafers 
with ellagic acid in iV-methylpyrrolidone. Swelling reductions of 25%, 21 % and 18% 
were noted by 5%, 1% and 0.1% test solutions respectively. Wafers treated with the 
solvent carrier only, N-methylpyrrolidone, also exhibited reduction in swelling (19%). 
3
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It is therefore proposed that N-methylpyrrolidone is responsible for imparting 
dimensional stability upon the wood by hydrogen bonding to the reactive hydroxyl 
sites of the cellulose, hemicellulose and lignin, thus reducing the hydroscopicity of the 
wood (therefore reducing water adsorption and swelling175). Ellagic acid may slightly 
increase the magnitude of this effect when present in the system but this effect is not 
significant (Student's t-test (a = 0.05,2 tailed)3. 
Similar trends were noted to ellagic acid treatment when wafers were treated with 
2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-diphenyl in dioxane. Antiswelling 
efficiencies of 25%, 24% and 20% were achieved for 5%, 1% and 0.1 % solutions of 
the diisocyanate (105) respectively. However, wafers treated with dioxane only 
exhibited an antiswelling efficiency of 30%. 
This result would suggest dioxane treatment improves dimensional stability and the 
presence of the diisocyanate (105) in the system slightly reduces the extent of the 
stabilization. It is most likely that dioxane is indeed responsible for the dimensional 
stability observed, but the presence of 2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-
diphenyl has no significant effect upon dimensional stability (Student's t-test (a = 
0.05,2 tailed)3 
As was noted for water repellent effectiveness, the additional dimensional stability 
provided by the test compounds is most likely due to non-bonded and non-leachable 
bulking of the cell walls. 
Statistical analyses for water repellency and dimensional stability are included in Appendix V 
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5.1.4 Conclusions. 
Although imparting some water repellent effectiveness (%WRE) the water-soluble 
tetraguanidinium, tetracholine, tetrakis-benzyltrimethylammonium and tetrakis-
tetramethylammonium ellagates are unsuitable for use as commercial water repellents. 
Ellagic acid in N-methylpyrrolidone and 2,3,4,2',3',4'-hexamethoxy-6,6'-
diisocyanato-diphenyl in dioxane also failed as water repellents, with these treatments 
actually increasing initial swelling rates, most probably due to the solvent carriers. 
All trial compounds provided the timber wafers with moderate levels of additional 
dimensional stability (%ASE), most probably by non-bonded, non-leachable bulking 
of the cell walls. 
Despite being inappropriate for use on a commercial scale, the trial compounds 
(Figures 5.3 - 5.8) displayed similar properties to Type II (Figure 5.2174) water 
repellents and dimensional stabilizers. Generally a reduction in the extent of swelling, 
but not the rate at which moisture was taken up, was noted. 
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5.2 The movement of water through wood- wick effect. 
5.2.1 Introduction. 
Although moisture content is a measure of the amount of water present in wood at a 
particular time, it does not indicate the rate of flow of water through the wood, which 
may prove more important. It has therefore been suggested that a wick test may give a 
more realistic measure of water penetration and edge wetting than a water soak test193. 
Contrary to earlier reports194, Baines and Levy195 demonstrated that wick action, by 
dynamic uptake and evaporation, causes the movement of a significant volume of 
water through wood exposed to dissimilar environments at opposite ends. They195 
proposed the wick action of a stake closely resembles the in service performance of 
poles and posts. It was postulated195 that colonisation and decay may be more 
dependent upon water flow through wood than static moisture content in some 
situations. 
Moisture movement through timber in ground contact may cause relocation of soluble 
soil nutrients within wood and deposit them where the water evaporates, leaving a 
zone susceptible to colonisation by decay organisms195. Redistribution of 
preservatives in treated wood may occur by a similar mechanism. 
If preservative redistribution in timber is diffusion dependant, and diffusion is 
governed by the contrast in water availability and the permeability of the timber, 
differences in redistribution and flow are expected between different timber species, 
between untreated and treated wood and in the same timber at different soil and 
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1 Treatment solution (solvent) 
TGE (99) (WATER) 
TCE (100) (WATER) 
BTM (101) (WATER) 
TMA (102) (WATER) 
EA (1) (NMP) 
DHSO (105) (DIOXANE) 
Retention (kg/m3) i 
1 % solution (%VAR) 
5.5 (4.84) 
4.5 (19.28) 
3.5 (24.37) 
5.6 (2.92) 
5.8 (5.56) 
5.8 (6.81) 
Table 5.4 - Treatment solution retention (kg/m3) of stakes used for wick action trials 
The following solvent uptakes were noted: water (475 L/m3), A'-methylpyrrolidoiie 
(563 L/m3) and dioxane (522 L/m3). 
The percentage variance of each treatment retention was calculated using equation 6. 
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atmospheric conditions. The flow of water encountered by wood may therefore give 
rise to variation in preservative performance. 
The effect of a selected number of chemical treatments upon the extent of water 
movement and adsorption by wick action in Pinus radiata D.Don sapwood stakes was 
investigated. Given the known affinity of cellulose for Cu2+ ions196 and the ease with 
which these cations complex with ellagate ions (see 4.3.10), an additional series of 
trials were also carried out to examine the effect of Cu2+ upon water movement and 
adsorption. This trial comprised ellagate treated timber stakes being soaked in a 1000 
ppm Cu2+ solution. The translocation of the Cu2+ within the timber was also 
considered. 
5.2.2 Experimental. 
Stakes 150 mm long and 25 by 25 mm square were cut from flatsawn, kiln dried 
Pinus radiata D.Don sapwood boards. The stakes were sanded, and their dimensions 
and weights recorded. Prior to treatment all samples were conditioned (25°C and 65% 
relative humidity for 3 weeks) to a constant weight. 
The test stakes were treated by a modified Bethel process consisting of a 30 minute 
initial vacuum (-85 kPa (gauge)) followed by a soak period of 1 hour at 700 kPa 
(gauge) pressure, after which the treatment solution was removed. A final vacuum (-
85 kPa (gauge)) was applied for 15 minutes to remove excess treatment solution. Each 
trialed treatment was carried out in triplicate (preservative retentions are outlined in 
Table 5.4). Following treatment the stakes were oven dried at 105°C for 24 hours and 
reweighed. Preservative fixation in the test stakes was carried out by conditioning to 
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195 Figure 5.9 - Jar assembly 
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constant weight for 3 weeks at 25°C and 65% relative humidity. 
A 24 mm square hole was cut out of the metal lids of screwtopped glass jars, 
(approximately 250 cm capacity) together with a small hole (7 mm diameter) into 
which an 80 mm length of glass tubing was inserted to half its length and sealed in 
place with silicone rubber. The exposed top ends of the glass tubing were covered 
with a Suba-seal, and a hollow metal rod inserted. The stakes were centralised in the 
square holes of the lids, with half the stake below and half above, and sealed in 
position with silicone rubber . 
(I) After the sealant had cured, each jar was filled with distilled water, the lid 
assembly inserted (allowing the excess water in the jar to overflow) and tightened into 
position. The water level in the glass tubing was made up to a mark 10 mm above the 
top of the lid by injecting distilled water through the Suba-seal with a syringe. The jar 
assemblies (Figure 5.9) were dried to remove excess external water and weighed. The 
jars were allowed to stand in a laboratory whose temperature fluctuated around 22°C 
± 2°C at 65% ± 5% relative humidity. 
Oyer a 3 month period, the jar assemblies were weighed daily, both before and after 
the water level was made up to the mark. When the level dropped below the bottom of 
the glass tubing and air entered the jar, the lids were removed from the jars, the jars 
refilled with distilled water, reassembled and the water in the glass tubing made up to 
the mark before the assemblies were dried and reweighed. 
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Figure 5.10 - Outline of stake slicing 197 
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To measure the evaporative power of the air, a beaker of distilled water having a free 
water surface 65 mm in diameter was allowed to evaporate under the same conditions 
as the stakes, and its weight recorded at the same time intervals195. 
(II) A series of treated stakes were also trialed according to the procedure outlined in 
the previous paragraph (I) with substitution of a 1000 ppm Cu2+ solution for the 
distilled water inside the jar assemblies. 
After 92 days, the stakes were removed from the jars and the sealant removed. Each 
stake was measured, weighed, sawn into 10 slices (each approximately 15 mm thick) 
and reweighed. Each slice was then cut into 9 pieces, approximately 15 mm long and 
8 by 8 mm square (Figure 5.10). These were weighed, oven dried at 105°C for 48 
hours and reweighed. 
The distribution of copper throughout the stakes that had been immersed in a 1000 
OA-
ppm Cu solution (II) during the 92 days was determined. This was accomplished by 
microwave digesting each piece of each slice of a stake with concentrated nitric acid 
(5 cm ) and hydrogen peroxide (1 cm ) using the following digestion profile: 
Step 1 - 1 minute at 250 W 
Step 2-2 minutes at 0 W 
Step 3-5 minutes at 250 W 
Step 4-5 minutes at 400 W 
Step 5-5 minutes at 600 W 
Each digested wood sample was volumetrically diluted to 100 cm3 with distilled water 
and the copper concentration determined by atomic absorption spectroscopy. 
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5.2.3 Discussion. 
Evaporation or vapour flow is the mass lost from the system between measurements. 
The water evaporation rate is determined by the permeability of the stake and the 
moisture content of the wood above the air-water interface197'198. The increase in mass 
of the filled assembly indicated the water uptake of the stake during the time period. 
5.2.3.1 Moisture movement. 
The two key modes of fluid transport through wood are bulk flow and diffusion199. 
Bulk flow occurs through the interconnected voids of wood structure under the 
influence of a static or capillary pressure gradient199. Molecules of water adjacent to 
capillary walls are not free, but bound by chemosorption. The movement of liquid 
water above fibre saturation point is due to capillarity200. 
Bound water diffusion occurs within the cell walls of wood199. When the moisture 
content of the wood is below fibre saturation, diffusion occurs due to moisture 
gradients across the cell wall200. Intergas diffusion consists of the transfer of water 
vapour or gases through the lumens and interconnecting pit openings199. Movement of 
water vapour is possible both above and below the fibre saturation point, according to 
Fick's laws199, due to relative vapour pressure gradients. 
Moisture movement in stakes immersed in water. 
Figure 5.11 illustrates the moisture lost from treated stakes soaking in water by 
evaporation, and is measured in litres per square metre of timber. Over 92 days the 
tetraguanidinium, tetracholine, and tetrakis-tetramethylammonium ellagate treatments 
gave rise to similar total moisture losses by evaporation (9.9 L/m2,10.2 L/m and 10.3 
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L/m2 respectively). An analysis of variance (a = 0.05, single factor)4 demonstrated 
that wood treatment significantly affects moisture loss. Moisture loss by evaporation 
in untreated stakes was 15.2 L/m . When compared to untreated stakes, the 
tetraguanidinium, tetracholine and tetrakis-tetramethylammonium ellagate treatments 
reduced moisture flow by 34%, 33% and 33% respectively. These decreases are not 
considered significant by Bonferroni's single factor corrected t-test (a = 0.05, two 
tailed)^. 
Tetralds-berizyltrimethylammonium ellagate treatment resulted in a moisture loss of 
6.3 L/m2, an evaporation reduction of 59% compared with untreated wood. This value 
was considered high compared with other ellagate treatments, although Bonferroni's 
single factor corrected t-test^ established that this result was not significantly different 
to the moisture losses observed in other ellagate treated stakes. 
The size of the cation together with the comparatively large non-polar benzyl group 
may explain this result. It is proposed that due to their hygroscopic nature, the water-
soluble ellagates may act as wetting agents. As wetting agents reduce surface 
tension175, they reduce the rate of capillary rise and thus moisture movement. 
Vapour flow was significantly reduced by ellagic acid treatment, confirmed by 
Bonferroni's corrected t-test^. Moisture loss was reduced by 72%, a total evaporative 
loss of 4.2 L/m2 being noted. This reduction is comparable to the result obtained by 
Hann197 for wax treated stakes. The solvent system, N-methylpyrrolidone, appeared 
primarily responsible for the large decrease in moisture loss by evaporation. 
5
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Bonferroni's test^ showed stakes treated with N-methyrpyrrolidone exhibited a vapour 
flow of 2.7 L/m after 92 days, a significant 82% reduction when compared with 
untreated control stakes. 
It is postulated that liquid N-methylpyrrolidone in the lumens alters the stakes 
porosity. The presence of this solvent reduces the movement of liquid water and 
vapour through the wood by blocking fine pores, pits and other communicating 
structures. The amount of liquid TV-methylpyrrolidone present determines the extent of 
the reduction observed in moisture movement. 
Treatment with 2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-diphenyl in dioxane 
produced an insignificant (Bonferroni's corrected t-test4) 3% increase in moisture 
movement with 15.7 L/m2 lost from the stakes. Similarly insignificant1', the solvent 
carrier for this treatment, dioxane, enhanced moisture loss by 18%, with a total 
evaporation loss of 18 L/m2 noted. 
Moisture movement in stakes immersed in copper solution. 
A second series of trials were carried out with treated stakes immersed in a 1000 ppm 
OA-
Cu solution. It was envisaged that the copper would penetrate the wood and either 
bind to the cellulose structure and/or chelate with the test preservatives. It was 
proposed that these chemical reactions occurring within the substrate might alter the 
properties of the wood with regard to moisture movement by wick action. Both the 
vapour flow and moisture uptake (see 5.2.3.2) were examined in order to assess the 
effect of copper upon the system. 
Statistical analysis for wick action trials are included in Appendix VI 
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Figure 5.12 -Moisture movement through treated stakes immersed in copper solution 
K E Y 
T G E = tetraguanidinium ellagate 
T C E = tetracholine ellagate 
T M A = tetrakis-tetramethylammonium ellagate 
B T M = tetrakis-benzyltrimethylammonium ellagate 
E A = ellagic acid 
N M P B L = JV-methylpyrrolidone blank 
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An analysis of variance (a = 0.05, single factor)4 was used to confirm that moisture 
loss in stakes immersed in copper solution (Figure 5.12) was significantly affected by 
chemical treatment. Means were ranked and grouped according to Bonferroni's 
corrected t-test^ which indicated that water-soluble ellagate treated stakes immersed in 
copper solution exhibit similar decreases in evaporative loss when compared with 
untreated controls (total loss of 16.7 L/m2). Total moisture losses of 12.9 L/m2, 10.5 
L/m, 11.7 L/m and 12.6 L/m were obtained for tetraguanidinium, tetracholine, 
tetrakis-tetramethylammonium and tetrakis-benzyltrimethylammonium ellagate 
treatments respectively. 
The greatest reduction of water loss was 37% for tetracholine ellagate treated stakes, 
alternatively the smallest decrease, 22%, was by tetraguanidinium ellagate treatment. 
Decreases in evaporation of 30% and 24% were noted for tetrakis-
tetramethylammonium and tetrakis-benzyltrimethylammonium ellagate treatments 
respectively. 
Moisture movement is significantly reduced (Bonferroni's corrected t-test^) in ellagic 
acid treated stakes immersed in Cu solution. A total moisture loss of 4 L/m was 
observed. The solvent carrier, iV-methylpyrrolidone, again appears to be the major 
contributor, as stakes treated with the solvent only showed moisture loss of 5.2 L/m . 
These moisture losses equate to significant1' reductions in evaporation losses (76% 
and 68%) when compared to untreated controls. 
Statistical analysis for wick action trials are included in Appendix VI 
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Treatment 
TGE (99) 
TGE (99) 
TCE (100) 
TCE(IOO) 
TMA (102) 
TMA (102) 
BTM (101) 
BTM (101) 
EA(1) 
EA(1) 
BLANK 
BLANK 
NMPBL 
NMPBL 
1 
Immersion solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+ solution 
Evaporation loss 1 
after 92 days (L/m2) 
9.9 
12.9 
10.2 
10.5 
10.3 
11.7 
6.3 
12.6 
4.2 
4 
15.2 
16.7 
2.7 
5.2 
Table 5.5 - Comparison of moisture movement in stakes immersed in water and 
copper solution 
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Comparison of moisture movement in stakes immersed in water and copper solution. 
The effect of copper upon timber treated with water-soluble ellagates was determined 
to be insignificant by a Student's t-test (a = 0.05, two tailed)4. Treated stakes 
immersed in either water or copper solution reduced water loss by evaporation 
between 25-35%. Results between the two systems were comparable (Table 5.5). 
The reductions in vapour flow attributable to preservative for water immersed stakes 
are 34%, 33% and 33% respectively for tetraguanidinium, tetracholine and tetrakis-
tetramethylammonium ellagate treatments. Comparably, reductions of 22%, 37% and 
30% were observed for tetraguanidinium, tetracholine and tetrakis-
tetramethylammonium ellagate treated stakes immersed in a 1000 ppm Cu2+ solution. 
The 59% reduction of vapour loss by tetrakis-benzyltrimethylammonium ellagate 
treated stakes immersed in water dropped to 24% when similarly treated stakes were 
immersed in copper solution. The reduction in vapour loss observed in tetrakis-
benzyltrimethylammonium ellagate treated wood exposed to water was greater than 
that found in other water-soluble treatments and may be due to the presence of the 
large non-polar benzyl group of this cation. 
The presence of copper in the system had no significant (Student's t-test1') effect upon 
the performance of ellagic acid treated wood with respect to moisture loss by 
evaporation. The treatment reduced evaporation by 72% and 76% in wood exposed to 
water and Cu2+ solution respectively. Moisture loss reduction by JV-methylpyrrolidone 
solvent was 82% in stakes immersed in water. A smaller reduction of 68% occurred in 
wood that had been JV-methylpyrrolidone treated and exposed to copper solution, 
Statistical analysis for wick action trials are included in Appendix VI 
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Figure 5.13- Moisture uptake in treated stakes immersed in water 
K E Y 
T G E = tetraguanidinium ellagate 
T C E = tetracholine ellagate 
T M A = tetrakis-tetramethylammonium ellagate 
B T M = tetrakis-benzyltrimethylammonium ellagate 
E A = ellagic acid 
DIISO = 2,3,4,2',3',4,-hexamethoxy-6,6'-diisocyanato-diphenyl 
N M P B L = AT-methylpyrroIidone blank 
D I O X B L = dioxane blank 
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suggesting the presence of copper may suppress the ability of 7V-methylpyrrolidone to 
decrease moisture loss by evaporation in treated stakes. 
The apparent suppression of moisture loss by Cu2+ in N-methylpyrrolidone treated 
stakes justifies further study. Investigation of systems incorporating cations present in 
soil, such as Ca2+, Na+ and Mg2+, may provide a better understanding of moisture 
movement in wood exposed to ground contact situations. 
5.2.3.2 Moisture uptake. 
Moisture uptake in stakes immersed in water. 
Figure 5.13 illustrates stake water uptake after 92 days and is measured in litres per 
cubic metre of timber. An analysis of variance (a = 0.05, single factor)^ demonstrated 
that wood treatment significantly affects moisture uptake. Moisture uptakes for timber 
treated with tetraguanidinium, tetracholine, tetrakis-tetramethylammonium and 
'X "X "X 
tetrakis-benzyltrimethylammonium ellagate were 406 L/m ,412 L/m , 402 L/m and 
447 L/m3 respectively. Given a 402 L/m3 uptake in untreated wood, the increases of 
1% and 2% in the moisture uptakes of tetraguanidinium and tetracholine ellagate 
treated stakes are insignificant (Bonferroni's corrected t-test^). Similarly, an almost 
identical uptake is noted in untreated and tetrakis-tetramethylammonium ellagate 
treated stakes. 
The quaternary alkylammonium cations, due to their hydroscopic nature, are acting as 
wetting agents. Hann and Vinden197 indicated that low concentrations of surfactant 
increase the rate of moisture uptake, whilst Haywood and Duff201 demonstrated that 
Statistical analysis for wick action trials are included in Appendix VI 
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Figure 5.14 - Proposed hydrogen bonding of /V-methylpyrrolidone to wood 
174 
the hydrophobic nature of the molecule also exerts an influence, with greater 
hydrophobicity decreasing the extent of moisture movement. 
Although tetrakis-benzyltrimethylammonium ellagate treatment results in an 11% 
increase in overall water uptake compared with untreated timber, possibly due to the 
large non-polar benzyl group, treatment of wood with this water-soluble ellagate had 
no significant effect (Bonferroni's t-test^) on overall moisture uptake after 92 days. 
Stake treatment by ellagic acid resulted in a marked decrease in moisture uptake. 
Given the large reduction in moisture flow previously described (see 5.2.3.1) this 
decrease in total moisture uptake is expected. A final moisture uptake of 122 L/m3 
was observed in stakes treated with a 1% ellagic acid solution. This uptake decrease 
of 70% compared to untreated wood was proved significant by Bonferroni's corrected 
t-test^. 
Again JV-methylpyrrolidone appears to be partially responsible for the significant 
result^, as a 29% decrease in water uptake occurs in stakes treated with N-
methylpyrrolidone only (286 L/m3 moisture uptake). In addition to altering the 
porosity of the stakes (see 5.2.3.1), it is postulated that the very polar, water miscible 
iV-methylpyrrolidone hydrogen bonds more strongly to the hydroxyl groups of the 
cellulose capillary structure (Figure 5.14) than water. The available reactive sites for 
water attachment are decreased, with a significant consequent reduction in water 
movement by capillarity. 
Statistical analysis for wick action trials are included in Appendix VI 
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46 
Time (days) 
Cu/TGE 
-Cu/TCE 
Cu/TMA 
-Cu/BTM 
-Cu/EA 
-CuBLANK 
Cu/NMPBL 
Figure 5.15 -Moisture uptake in treated stakes immersed in copper solution 
K E Y : 
T G E = tetraguanidinium ellagate 
T C E = tetracholine ellagate 
T M A = tetrakis-tetramethylammonium ellagate 
B T M = tetrakis-benzyltrimethylammonium ellagate 
E A = ellagic acid 
N M P B L = JV-methylpyrrolidone blank 
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The magnitude of the decrease in total moisture uptake is comparable to the 
performance of wax treated stakes trialed by Harm197. Harm197 noted the concentration 
of wax used was impractical for normal usage, while the ellagic acid concentration 
producing an almost identical result was a 1% treatment solution in N-
methylpyrrolidone. 
Compared to untreated control specimens, the diisocyanate (105) treatment decreased 
total moisture uptake by 6%, and a final water retention of 378 L/m3 was observed. 
However, this insignificant (Bonferroni's t-test^) decrease can be attributed to the 
dioxane solvent rather than the proposed preservative. Given dioxane treated stakes 
also reduced water uptake by 6% (final uptake of 377 L/m3), it can be concluded that 
the diisocyanate (105) had a negligible effect upon the system. 
Moisture uptake in stakes immersed in copper solution. 
Compared to untreated wood, water-soluble ellagates had no significant (Bonferroni's 
corrected t-test^) effect upon the total moisture uptake (Figure 5.15) of the copper 
immersed stakes. Tetraguanidinium, tetrakis-tetramethylammonium and tetrakis-
benzyltrimethylammonium ellagate treatments all caused a slight increase in water 
uptake. Total moisture uptakes of 477 L/m3, 448 L/m3 and 467 L/m3 respectively 
were observed compared with 444 L/m3 for untreated timber. Tetracholine ellagate 
treatment gave rise to a slight improvement, decreasing the total moisture uptake to 
398 L/m3. The smallest increase of uptake was 1% for tetrakis-tetramethylammonium 
ellagate treated stakes, and the largest increase, 7%, by tetraguanidinium ellagate 
Statistical analysis for wick action trials are included in Appendix VI 
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Treatment 
TGE (99) 
TGE (99) 
TCE (100) 
TCE (100) 
TMA (102) 
TMA (102) 
BTM (101) 
BTM (101) 
EA(1) 
EA(1) 
BLANK 
BLANK 
NMPBL 
NMPBL 
Immersion solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+ solution 
Water 
1000 ppm Cu2+ solution 
Moisture uptake 1 
after 92 days (L/m3) 
406 
477 
412 
398 
402 
448 
447 
467 
122 
124 
402 
444 
286 
283 
Table 5.6 - Comparison of moisture uptake in stakes immersed in water and copper 
solution 
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treatment. An increase of 5% for tetrakis-benzyltrimethylammonium ellagate was 
noted. The total moisture uptake of tetracholine ellagate treated stakes was 10% less 
than the uptake for untreated wood. 
Treatment of stakes with ellagic acid resulted in a significant reduction in moisture 
uptake from the copper solution after 92 days. A moisture retention of 124 L/m3 was 
noted in timber treated with the 1% solution. The decrease in uptake of 72% 
compared to untreated timber is significant (Bonferroni's corrected t-test^). Part of 
this improvement can be attributed to the solvent used, Af-methylpyrrolidone. 
The total moisture uptake of A^-methylpyrrolidone treated wood was 283 L/m3 
compared to 444 L/m for untreated. The solvent would therefore account for a 
significant 36% decrease in moisture uptake (Bonferroni's corrected t-test^). A further 
reduction in uptake can be attributed to the addition of ellagic acid to the system. 
Significantly, the extent of decrease in moisture uptake from the copper solution by 
this treatment is comparable to the performance of wax treated stakes197. 
Comparison of moisture uptake in stakes immersed in water and copper solution. 
A Student's t-test (a = 0.05, two tailed)^ demonstrated that copper has no significant 
effect upon water uptake in wood treated with water-soluble ellagates (Table 5.6). 
Stakes immersed in either water or a 1000 ppm Cu2+ solution exhibited similar total 
moisture uptakes, although some variations did occur. When compared with untreated 
timber, tetrakis-benzyltrimethylammonium ellagate treatment resulted in increases of 
11% and 5% in water and Cu2+ solution immersed stakes respectively. Tetrakis-
Statistical analysis for wick action trials are included in Appendix VI 
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tetramethylammonium ellagate treated stakes exhibited almost identical moisture 
uptake as untreated wood when immersed in water, and exhibit a 1% increase in 
uptake when similarly treated wood is immersed in copper solution. 
Tetraguanidinium ellagate treated wood resembles the behaviour of untreated timber 
when immersed in water, giving rise to only a 1% increase in total moisture uptake 
after 92 days. Identically treated stakes immersed in Cu2+ solution produced an 
increase in moisture uptake of 7%. Stakes treated with tetracholine ellagate and 
immersed in water perform comparably to untreated timber (2% increase in total 
moisture uptake observed). Water-soluble treatments examined thus far either slightly 
increased total moisture uptake or resulted in uptakes equivalent to untreated wood. 
The observation that tetracholine ellagate treatment decreases uptake by 10% in 
stakes immersed in copper solution may be due to the choline cation polar bonding to 
the hydroxyl groups of the cellulose or lignin, and physically blocking the path of 
water through the coarse capillary structure of the stake. 
The presence of copper had no significant effect (Student's t-test^) upon the 
performance of the ellagic acid preservative with regard to water uptake (Table 5.6) 
Similar reductions in water uptake, 70% and 72%, in water and copper solution 
immersed stakes were observed. The N-methylpyrrolidone treated stakes showed 
similar trends with 29% and 36% improvement for water and Cu2+ solution immersed 
stakes respectively. Actual moisture uptakes are almost indistinguishable whether 
stakes were immersed in water or Cu2+ solution for the two treatments (122 L/m and 
Statistical analysis for wick action trials are included in Appendix VI 
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124 L/m3 for ellagic acid treated timber and 286 L/m3 and 283 L/m3 for JV-
methylpyrrolidone treated wood). 
5.2.3.3 Moisture distribution. 
Testing ceased after 92 days of soaking and each stake was cut into ten approximately 
equal sized slices. The slices were further cut into nine pieces as outlined in Figure 
5.10197. The wood pieces were weighed and then oven dried at 105°C. The moisture 
content of each piece of wood was determined and converted to percentage saturation 
000 
according to Equation 8 . Percentage saturation was used rather than percentage 
moisture content so that comparison of wood with different densities can be made. 
Equation 8 : Calculation of the percentage saturation of wood202 
Percentage saturation202 = actual % moisture content X100 
maximum possible % moisture content 1 
= Y X 100 
155 1 
Given the typical basic density of P.radiata 
then the void volume of P.radaita2 2 
Thus, the maximum possible % moisture content 
= 450 kg/m3, 
= (1000 - basic density) 
1.5 
= (1000-450) 
1.5 
= 700 L/m3 
= void volume 
basic density 
= 700 
450 
= 155% 
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Slice / 
Treatment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Average 
Blank 
51.33 
65.12 
70.52 
71.68 
66.46 
63.11 
61.54 
60.20 
62.26 
71.66 
64.39 
TGE 
40.26 
57.58 
69.69 
76.92 
70.47 
64.21 
58.72 
59.47 
60.80 
67.24 
62.54 
TCE 
42.07 
64.54 
78.22 
83.25 
76.79 
63.53 
60.88 
62.21 
61.65 
72.51 
66.57 
BTM 
26.40 
51.10 
72.33 
83.38 
81.61 
71.78 
68.90 
67.24 
70.49 
80.22 
67.35 
TMA 
36.13 
59.76 
73.15 
75.76 
69.48 
61.92 
61.30 
60.80 
62.29 
71.80 
63.24 
EA 
61.16 
62.43 
60.70 
61.05 
61.38 
67.36 
69.17 
72.22 
75.68 
77.75 
66.89 
NMP 
53.19 
59.55 
61.66 
66.99 
75.88 
81.16 
81.36 
78.59 
79.21 
80.55 
71.81 
DIISO 
36.04 
57.57 
65.17 
66.29 
64.88 
62.71 
60.93 
59.78 
59.28 
64.73 
59.74 
DIOX 
46.78 
63.75 
69.63 
68.72 
66.02 
63.73 
61.56 
60.84 
60.58 
65.91 
62.75 
Table 5.7 - Percentage saturation of treated stake slices immersed in water 
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Incomplete wood saturation was observed; although substantial uptake of water from 
the jars did occur. Moisture absorption (Table 5.7) was greatest at the base of the 
timber (slice 10) and decreased further up the stake until the air/water interface (slices 
4 and 5) was reached, this area of the stake was the next wettest. The decrease in 
moisture content from slice 10 to slice 6 is most likely due to pockets of trapped 
air198. Air embolism is caused by non-uniform water flow along the stake length, 
allowing air pockets to form which generate pressure that inhibits further water 
uptake. 
The possibility of air being trapped in the stake is reduced in wood closest to the 
air/water interface. Moisture evaporation from the top of the timber overcomes the 
influence of any embolism, and moisture is unable to surround air pockets in this 
region (slices 4 and 5), magnifying the percentage saturation in this part of the stake. 
Slice 4 is beyond the air/water interface and air pockets are unable to develop in this 
region. The decrease in percentage saturation from slice 4 to slice 1 is due to 
evaporation of water from the wood to the atmosphere. 
The extent of percentage saturation of the slice piecesx appears dependant upon 
exposed area and the external environment198. The slices inside the jar are 
approaching equilibrium with liquid water, whereas the surfaces outside the jar 
equilibrate with the relative humidity of the air197,198. The central 'e' piece of each 
slice of wood was drier than the encompassing pieces for the stake sections soaking in 
solution. Due to their smaller exposed surface areas, the central edge pieces (b, d, f, h) 
Summarized graphically in Appendix VII 
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1 Slice / Treatment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Average 
Blank 
58.98 
76.39 
82.37 
78.17 
72.38 
66.98 
64.66 
64.52 
65.62 
74.76 
70.48 
TGE 
37.49 
62.21 
74.73 
83.18 
78.90 
70.81 
67.28 
64.83 
67.82 
75.00 
68.22 
T C E 
35.33 
60.67 
75.14 
81.49 
73.51 
67.67 
64.53 
62.53 
64.12 
75.46 
66.04 
BTM 
37.58 
65.77 
78.02 
79.40 
74.11 
69.70 
67.38 
67.56 
68.90 
76.81 
68.52 
TMA 
32.88 
58.46 
76.75 
80.42 
77.05 
70.91 
68.66 
68.75 
71.47 
83.20 
68.85 
EA 
57.82 
61.29 
64.43 
64.57 
66.58 
69.29 
68.41 
70.50 
70.15 
72.69 
66.57 
NMP 
57.99 
59.59 
60.85 
63.69 
71.18 
76.27 
75.37 
74.99 
77.14 
80.16 
69.72 
Table 5.8 - Percentage saturation of treated stake slices immersed in copper solution 
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of submerged timber generally exhibited a lower percentage saturation than the corner 
pieces (a, c, g, i). Furthermore, these pieces (b, d, f, h) were also losing moisture to 
the central 'e' piece to a greater extent than the corner pieces (a, c, g, i). 
Outside the jar the interior 'e' wood pieces remained wetter than the surrounding 
pieces until the encircling timber approached the hypothetical saturation point, at 
which stage the 'e' pieces also began drying198. The edge pieces dried more quickly 
than the interior 'e' pieces due to the lower humidity of the exterior environment198. 
The comer pieces (a, c, g, i) dried at a faster rate than the central edge pieces (b, d, f, 
h) due to their greater surface area. 
These trends were noted for all stake treatments and little variation in percentage 
saturation** was noted when comparing ellagate treatments. The presence of copper in 
the system had no noticeable effect upon percentage saturation (Table 5.8)N. 
When the initial percentage saturation of the stakes was taken into account the 
calculation of percentage saturation (dividing the total moisture uptake (Table 5.6) by 
the void volume of the stake (Equation 8)) compared favourably with the actual 
average percentage saturation of the stake slices (Tables 5.7 and 5.8). These results 
are tabulated in Table 5.9. For stakes treated with N-methylpyrrolidone, the 
percentage saturation calculated using moisture uptake did not correlate with the 
actual percentage saturation determined. This is most likely due to insufficient 
removal of the solvent from the whole stake during conditioning. Given the boiling 
point of JV-methylpyrrolidone is 202°C, oven drying the small pieces of the stake 
s
 Summarized graphically in Appendix VII 
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Cone of wetness 
Liquid evaporation face 
Water -
•__198 
Figure 5.16 - Moisture distribution in stakes subjected to wicking 
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affected its removal from the wood, giving rise to much higher apparent percentage 
saturation. 
Treatment 
Blank 
TGE (99) 
TCE (100) 
BTM (101) 
TMA (102) 
EA(1) 
NMP 
DIISO (105) 
DIOX 
Stakes immersed in water 
Oven dry 
64.39 
62.54 
66.57 
67.35 
63.24 
66.89 
71.81 
59.74 
62.75 
Moisture 
uptake 
62.59 
63.16 
64.02 
69.02 
62.59 
22.59 
46.02 
59.16 
59.02 
Stakes immersed in copper 
solution 
Oven dry 
70.48 
68.22 
66.04 
68.52 
68.85 
66.57 
69.72 
-
-
Moisture 
uptake 
68.59 
73.30 
62.02 
71.88 
69.16 
22.88 
45.59 
-
-
Table 5.9 - Comparison of percentage saturation in stakes (determined by oven 
drying and also based upon water uptake after 92 days of wick action) 
Capillary motion is responsible for the movement of liquid moisture through the 
timber and around any air pockets. An equilibrium was created whereby evaporated 
water was replenished by moisture being drawn through the stake, forming a 'cone of 
wetness' (Figure 5.16) in the centre of the stake195'198. Internal swelling, due to the 
moisture gradient of the wood, may cause the splitting noted in some of the test 
specimens. 
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Slice / Treatment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Blank 
0.30 
1.10 
2.25 
3.53 
5.41 
6.04 
5.89 
4.61 
7.24 
10.35 
TGE 
0.38 
0.37 
0.87 
3.03 
6.88 
8.68 
7.62 
5.50 
7.35 
19.28 
TCE 
0.29 
0.15 
0.30 
1.79 
7.46 
11.01 
9.68 
7.49 
8.55 
25.63 
BTM 
0.27 
0.07 
0.25 
1.90 
6.68 
9.55 
9.10 
6.87 
9.01 
27.31 
TMA 
0.23 
0.37 
0.24 
3.10 
7.76 
8.10 
7.64 
5.64 
7.87 
14.71 
EA 
0.26 
0.09 
0.13 
0.83 
3.36 
5.20 
5.40 
4.21 
5.33 
13.25 
NMP 
0.31 
0.07 
0.56 
0.85 
3.24 
5.03 
5.18 
4.32 
5.84 
10.24 
Table 5.10 - TCu2+] (ppm/g) of treated wood slices immersed in Cu 2 + solution 
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5.2.3.4 Copper uptake and distribution. 
1Q^ 
Based upon the examination of dye distribution in stakes after wicking as a model 
of nutrient redistribution and the ease of the formation of copper-ellagate complex 
(see 4.3.10), the uptake and distribution of copper within treated stakes was explored 
by the immersion of treated wood in a 1000 ppm Cu2+ solution. After 92 days the 
stakes were cut according to Figure 5.10198 and analyzed for copper distribution by 
atomic absorption spectroscopy (Table 5.10). 
Copper concentration was greatest at the base (slice 10) in all stakes as expected, this 
region has the largest surface area exposed to the copper solution and the easiest path 
for water ingress. Of the water-soluble ellagate treatments, the highest amount of 
copper in slice 10 was noted in tetrakis-benzyltrimethylammonium ellagate treated 
wood (27.31 ppm/g), and the lowest 14.71 ppm/g for tetrakis-tetramethylammonium 
ellagate. Values of 19.28 ppm/g and 25.63 ppm/g were recorded for treatment by 
tetraguanidinium and tetracholine ellagates respectively. Given slice 10 of the 
untreated control contained 10.35 ppm/g of copper, treatment by water-soluble 
ellagates appears to enhance the ability of wood to retain copper, most likely by the 
precipitation and deposition of insoluble copper-ellagate complex within the wood 
substrate. An analysis of variance (a = 0.05, single factor) and Bonferroni's corrected 
t-test0 showed this affect was not significant. 
Although not as marked, ellagic acid treated stakes exhibited similar properties, slice 
10 contained 13.25 ppm/g of copper. Slice 10 of timber treated with the acid's solvent 
carrier only (N-methyrpyrrolidone) contained 10.24 ppm/g of copper, a value similar 
Statistical analysis of copper distribution in stakes are included in Appendix VIII 
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to that of untreated timber (10.35 ppm/g). iV-Methylpyrrolidone treatment thus 
appears to have no effect upon the movement of copper through the stakes. 
From slice 9 to slice 5 a progressive decrease in copper concentration was apparent in 
stakes treated with water-soluble ellagates. This trend was also apparent in the 
untreated control. When compared with untreated timber, only 2-3 ppm/g more 
copper was present per slice in ellagate treated wood in this region. From slice 9 to 
slice 5 stakes treated with ellagic acid and ./V-methylpyrrolidone contained between 1-
2 ppm/g of copper per slice less than the untreated control. 
Slices 4 to slice 1 are all positioned above the copper solution and contain little 
copper. Small concentrations of copper are present in this region of the untreated 
timber, indicating some relocation of copper through the wood does occur. The virtual 
absence of copper, especially in slices 3, 2 and 1 in all ellagate treated trials, suggests 
that any copper entering the stake that is not bound to the wood forms an insoluble 
copper-ellagate complex. 
This complex may inhibit water flow by blocking pits and the fine pores of the 
tracheids, preventing further uptake and relocation of copper ions. However, no 
significant differences in moisture flow and uptake were observed between ellagate 
treated stakes exposed to water and copper solution. Further work elucidating the 
effect of ellagate treatment upon copper distribution may clarify the nature of the 
interaction. 
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Similarly to % saturation, copper uptake and distribution appears dependent upon 
exposed surface area. More detailed analysis of each stake slicep revealed the central 
'e' pieces (Figure 5.10) contained far less copper than the encircling pieces. Due to 
much smaller exposed surface areas, the central edge pieces (b, d, f, h) took up less 
copper than the corner pieces (a, c, g, i). This trend was noted for all ellagate 
treatments p. 
Total overall copper content is increased in stakes treated with water-soluble 
ellagates. Tetracholine and tetrakis-benzyltrimethylammonium ellagate treated wood 
retain similar levels of copper (50% more than untreated) as do tetraguanidinium and 
tetrakis-tetramethylammonium ellagate treated timber (25% more than untreated). 
Ellagic acid and JV-methylpyrrolidone treatments both give rise to 20% decreases in 
total copper uptake when compared to untreated wood. 
It has previously been shown that these two treatments significantly reduce moisture 
movement through stakes (Figures 5.11 and 5.12). It is therefore postulated that these 
treatments give rise to total copper levels less than those found in untreated wood 
because moisture movement is far less in these stakes and as copper is transported by 
moisture, its adsorption is thus greatly diminished. 
5.2.4 Conclusions. 
Chemical treatments affect the flow and uptake of moisture in wood stakes. The 
presence of cations such as Cu2+ may also affect the system. These observations result 
Summarized graphically in Appendix IX 
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from improvements to the dimensional stability and the water repellency of the 
ellagate treated stakes. 
Water-soluble ellagates reduce water loss by 25-35% but have no significant effect 
upon water uptake. Given the similar magnitude in reduction of water loss by 
treatment of wood with ellagic acid and its solvent carrier, JV-methylpyrrolidone, it is 
proposed that 7V-methylpyrrolidone is responsible, by hydrogen bonding to the 
hydroxyl groups of the cellulose capillary structure (Figure 5.14), for significant 
reductions in water loss. Similarly, N-methylpyrrolidone is also partially responsible 
for a decrease in moisture uptake, while the presence of ellagic acid in the system 
further amplifies this property. Both ellagic acid and Af-methylpyrrolidone contribute 
to significant moisture uptake reduction. The results generated in this investigation 
suggest that the ellagic acid in Af-methylpyrrolidone treatment is worthy of further 
study. 
Percentage saturation is dependent upon the ratio of moisture uptake to moisture loss. 
The high percentage saturation at the air/water interface may indicate timber 
susceptibility to colonisation and decay, especially in ground contact situations. 
Copper was not relocated in wood subjected to ellagate treatment. It is proposed that 
copper is fixed in such timber by the formation and precipitation of an insoluble 
copper-ellagate complex. 
192 
5 3 Leachabilitv. 
5.3.1 Introduction. 
The loading and distribution of preservatives within treated timber, and their 
consequent rate of leaching, depends primarily upon the permeability of the wood and 
the impregnation procedure used203. Leaching takes place predominantly from the 
outer zones of exposed treated timber204'205. Thus, overall resistance to leaching is 
enhanced by deep penetration of preservatives. Wischer and Willeitner206 established 
that a final vacuum treatment applied in timber processing reduces subsequent 
leaching of preservative. 
The moisture content of wood in service (which may be conditioned by soil contact) 
0O"X 
affects leaching by influencing the rate of diffusion of salts within the wood . Since 
different species of timber show large variations in permeability, density, 
0O"X 
microstructure and pH, the influence of wood species on teachability is substantial . 
Leaching losses depend on preservative solubility and whether this property changes 
after impregnation into the timber203. The initial pH of wood is likely to affect the 
course of preservative fixation207. Preservative fixation and teachability are dependent 
upon chemical constitution. Many organic solvent-soluble preservatives frequently 
adopted are insoluble in water and their permanence depends primarily on their 
volatility203, 
Harrow208 stated that leaching operates by the square law with respect to time, and if a 
quantity is removed in a certain time it will take four times as long to remove double 
that amount. In practice, initial leaching rate is relatively high and depends upon the 
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preservative concentration and accessibility within the timber. This rate falls as 
accessible material is removed209. Properties of leaching solution (in particular 
temperature, pH and ionic content) markedly influence the ease of extraction of 
water-borne preservatives from timer207'210"212. Cymorek213 showed continuous light 
rainfall has a much stronger leaching effect than short heavy showers. 
Protection against wood destroying fungi can be achieved by treating timber with 
water-soluble salts of metals such as copper and zinc. However, such salts have little 
practical value as timber preservatives, despite their effectiveness, because their 
solubility means they are rapidly leached from wood exposed to wet conditions 
(ground contact or rainfall). Combining the active metals with other compounds that 
cause them to become insoluble after they have been impregnated into the timber can 
overcome this problem. 
The use of hexavalent chromium compounds and ammonia are the two most common 
methods of fixing active metals. When hexavalent chromium initially reacts with 
oxidizable components of the wood, it is reduced to the trivalent state, which leads to 
the fixation of insoluble metal complexes214. However, this reduction imparts a green 
colouration to wood. Due to the toxicity of chromium compounds, their use, storage 
and handling presents difficulties215. Ammonia forms complexes with active metals in 
solution. The complexed metals appear to become fixed by a combination of ion 
exchange processes and the loss of complexing ammonia, by evaporation during post 
treatment drying, when impregnated into timber2 . 
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Copper fixation is most likely to occur between lignin and extractives as opposed to 
cellulose217. Wood impregnated with solutions of water-soluble copper salts and 
01 52 
sodium nitrite has been shown to give rise to a leach resistant copper treatment. 
Similarly, Plackett and Cronshaw215 screened nine metal salts in combination with 
tannin solutions. Although no dimensional stabilization resulted, radiata pine treated 
by the two step application of 5% solutions of tannin and copper acetate showed 
improved water repellency, comparable to treatment by 5% chromic acid215. Further, 
when compared to copper acetate treated wood, copper fixation was improved in 
timber treated with both tannin and copper acetate215. 
Alternate, biodegradable, cost effective and non-toxic pretreatments that provide 
fixation of active metals are desirable. A copper-ellagate complex forms easily 
between pH 3 and pH 8.5 (see 4.3.10) and copper appears to be fixed (by precipitation 
of this species) in treated wood stakes immersed in Cu2+ solution (see 5.2.3.4). Based 
upon these observations, an investigation employing copper as the active metal and 
numerous ellagate derivatives as alternate fixation agents to chromium and ammonia 
was conducted. The teachability of the proposed fixation agents was also examined. 
5.3.2 Experimental. 
Leaching tests were performed in accordance with the American Wood-Preservers 
Association Standard Mll-87219. Samples of flatsawn, kiln dried sapwood of Pinus 
radiata D.Don, cubed and milled to 19 mm, were sanded and their volume and weight 
recorded. The moisture content (Equation 7) at equilibrium of each cube was 
calculated based upon the dry mass of the sample (oven dried at 105°C for 48 hours). 
Before chemical impregnation, the blocks were conditioned (25°C and 65% relative 
195 
1 Treatment solution (solvent) 
TGE (99) (WATER) 
TCE (100) (WATER) 
BTM (101) (WATER) 
TMA (102) (WATER) 
EA(l)fNMP) 
DIISO (105) (DIOXANE) 
TGE/1000 ppm Cu (WATER) 
TCE/1000 ppm Cu (WATER) 
BTM/1000 ppm Cu (WATER) 
TMA/1000 ppm Cu (WATER) 
EA/1000 ppm Cu (NMP/WATER) 
u . . - • — . , . — • 
Retention (kg/m ) 
1 % solution (%VAR) 
6.5 (12.01) 
6.3 (13.49) 
3.6 (12.39) 
5.8 (6.04) 
3.5 (9.32) 
3.8 (9.83) 
7.0 (5.04) 
6.4 (10.03) 
5.4(11.55) 
6.7 (5,59) 
5.7 (8.69) 
Table 511- Treatment solution retention (kg/m3) of cubes used for teachability trials 
The following solvent uptakes were noted: water (569 L/m3), A^methylpyrrolidone 
(450 L/m3) and dioxane (441 L/m3). 
The percentage variance of each treatment retention was calculated using equation 6. 
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humidity for 3 weeks) to a constant weight and sorted into narrow weight range 
groups of 10. 
The test specimens were treated by the Bethel process previously described (see 
5.2.2). Solutions of 1% concentration for each preservative were tested (preservative 
retentions are outlined in Table 5.11). Samples were removed from the treatment 
vessel, wiped to remove residual surface solution and immediately weighed. 
Following 3 weeks conditioning at 25 °C and 65% relative humidity, the wood blocks 
were reweighed prior to testing. A second series of treated blocks were 
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reimpregnated, with a 1000 p p m C u solution, according to the schedule previously 
described (see 5.2.2), reconditioned for a further 3 weeks and reweighed. 
For each preservative group, six cubes were impregnated with deionized water using 
the Bethel procedure previously outlined (see 5.2.2). The six water impregnated 
blocks of each group were placed in a leaching vessel (500 cm3 conical flask equipped 
with a stopper and magnetic stirrer)219. The residual impregnating water was 
quantitatively washed into the leaching flask to a total volume of 300 cm . The 
completely submerged test samples were slowly stirred at 25 ± 0.5°C. After 6, 24, 48 
and thereafter at 48 hour intervals, the leachate was removed and replaced with an 
equal amount of fresh deionized water219. Leaching was continued for a total of 14 
days. The time of removal and the quantities of all leachates were recorded and the 
solutions stored for analysis. 
All leachate samples were analysed for the ellagate preservative component by 
ultraviolet spectroscopy, utilizing the following wavelengths for each compound: 
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36 72 108 144 180 216 252 288 324 360 
Time (hrs) 
-*-1%TGE 
-*-1%TCE 
-*-1%BTM 
-K-1%1MA 
1%EA 
-•-1%DliSO 
Figure 5.17 - Leachabiiity of ellagate derivatives 
K E Y : 
T G E = tetraguanidinium ellagate 
T C E = tetracholine ellagate 
B T M = tetrakis-benzyltrimethylammonium ellagate 
T M A = tetrakis-tetramethylammonium ellagate 
E A = ellagic acid 
D H S O = 2,3,4,2\3',4'-hexamethoxy-6,6'-diisocyanato-diphenyl 
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(a) tetraguanidinium ellagate - X = 361.8 nm 
(b) tetracholine ellagate - X = 375 nm 
(c) tefrakis-benzyltrimethylammonium ellagate - X = 383.3 nm 
(d) tetrakis-tetramethylammonium ellagate - X = 373.2 nm 
(e) ellagic acid - X = 384.6 nm 
(f) 2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-diphenyl - X = 342.2 nm 
The leachates of the blocks treated with ellagate/copper preservative were analysed by 
atomic absorption spectroscopy for copper concentration. 
5.3.3 Discussion. 
Leachability of ellagate derivatives. 
Treatment of blocks by 1% solutions of water-soluble ellagates gave rise to 
contrasting fixation levels after 14 days (Figure 5.17). Tetracholine and tetrakis-
tetramethylammonium ellagates were well retained by wood, most likely by the 
precipitation (see 4.3.1) of insoluble, non-leachable ellagic acid, with 12% and 14% 
leaching respectively. In contrast, following 14 days of leaching, tetraguanidinium 
ellagate was readily leached from the timber (30%) and tetrakis-
benzyltrimethylammonium ellagate was extensively leached (65%). These 
observations are most likely due to limited ellagic acid precipitation occurring due to 
the stability of the ellagate salts. 
The leachability of ellagic acid was 30% for the 1% treatment solution. Extensive 
leaching (60%) was noted for treatment by 2,3,4,2',3',4'-hexamethoxy-6,6'-
diisocyanato-diphenyl suggesting limited formation of the nitrogen containing 
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Figure 5.18 -Leachability of ellagate derivatives in the presence of copper 
K E Y 
T G E = tetraguanidinium ellagate 
T C E = tetracholine ellagate 
B T M = tetrakis-benzyltrimethylammonium ellagate 
T M A = tetrakis-tetramethylammonium ellagate 
E A = ellagic acid 
200 
carbamic esters associated with the reaction of wood hydroxyls and isocyanates191. 
Given the inability of this compound to chelate copper, provide water repellency (see 
5.1.3.1 or decrease moisture movement (see 5.2.3.1) and uptake (see 5.2.3.2), the 
leachability of the diisocyanate (105) was not further investigated. 
Leachability of ellagate derivatives in the presence of copper. 
As proposed, the two step treatment (ellagate salt followed by copper sulphate 
solution) of timber gave rise to improved fixation of the ellagate anions (Figure 5.18) 
by the formation of an insoluble, non-leachable copper-ellagate complex (see 4.3.10) 
within the substrate. 
After 14 days of leaching, substantial levels of ellagate remained fixed in wood 
treated with 1000 ppm Cu2+ solution and 1% solutions of tetracholine and tetrakis-
tetramethylammonium ellagates and ellagic acid (95%, 94% and 83% respectively). 
Treatment by 1% solutions of tetrakis-benzyltrimethylammonium and 
tetraguanidinium ellagates, then 1000 ppm Cu2+ solution, resulted in moderate levels 
of ellagate fixation (79% and 74% respectively). No precipitation of ellagate-copper 
complex occurred in the copper treating solution. This indicates that minimal leaching 
of the ellagate occurred during impregnation with the copper solution. 
Leachability of copper in ellagate treated wood. 
Copper becomes insolubilized within wood by the use of a two step treatment process 
utilizing numerous ellagate compounds and copper sulphate solution. Copper fixation 
levels between 85 and 95% were observed in treated timber (Figure 5.19), a marginal 
• 0A R 
improvement on the fixation levels obtained by hexavalent chromium compounds . 
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Time (hrs) 
-•~1%TCE/Cu 
-*-1%TCE/Cu 
-*-1%BTM/Cu 
-*-1%lMA/Cu 
1%EA/Cu 
Figure 5.19 - Leachability of copper from ellagate treated wood 
K E Y : 
T G E = tetraguanidinium ellagate 
T C E = tetracholine ellagate 
B T M = tetrakis-benzyltrimethylammonium ellagate 
T M A = tetrakis-tetramethylammonium ellagate 
E A = ellagic acid 
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Copper fixation was greatest in tetrakis-tetramethylammonium ellagate pretreated 
wood (94%). Similarly high levels, 91% and 90% respectively, were noted in ellagic 
acid and tetracholine ellagate pretreated specimens. Samples pretreated by 
tetraguanidinium and tetrakis-benzyltrimethylammonium ellagates also gave rise to 
low levels of copper leaching with 87% and 86% of copper fixed for these 
pretreatments respectively. 
Wood is slightly acidic, with a pH range of between 3 and 5.5172. The results outlined 
in 4.3.10 indicate that a copper-ellagate complex forms readily under these pH 
conditions. Given copper chelation by ellagate anions (see 4.3.10) and the apparent 
ability of this reaction to proceed in a timber substrate (see 5.2.3.4), it can be deduced 
that copper leachability in ellagate treated wood is substantially decreased by the 
fixation of copper within the medium as an insoluble, non-leachable copper-ellagate 
complex. 
5.3.4 Conclusions. 
Ellagic acid and its water-soluble ellagate salts are capable of producing, by fixation, 
leach resistant copper treatments in impregnated timber and may provide a 
comparable, non-toxic alternative to hexavalent chromium compounds. Further 
investigation of this leachability is warranted in order to identify the molar ratio of 
ellagate salts to copper which imparts optimum fixation levels of the active metal. By 
decreasing ellagate concentration and increasing copper concentration, maximum 
levels of copper could be fixed by minimal amounts of ellagate. 
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The interaction between wood and ultraviolet light is a surface reaction in which free 
radical intermediates generated by light cause surface discolouration and 
deterioration220. Lignin is a strong ultraviolet absorber and is thus oxidized and 
degraded by sunlight rapidly220. Ellagic acid is a known antioxidant87 and may 
scavenge the free radicals in wood (particularly the phenoxyl radicals derived from 
lignin) by ultraviolet irridation. Therefore, the possibility that the two step 
ellagate/copper treatments may also provide some degree of photostability to the 
wood surface and extend the service life of the treated material should also be 
investigated. 
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5.4 Examination of wood decay - soil-block test. 
54.1 Introduction. 
Laboratory evaluation of wood preservatives is widely accepted. Evaluation usually 
involves accelerated weathering of small blocks containing different concentrations of 
preservative, followed by a laboratory decay test to determine the minimum 
concentration of the preservative that will prevent decay221. 
Pure culture laboratory decay tests have limited relevance to the evaluation of 
preservatives for commercial application. However, they serve to provide a reference 
point of the basic toxicity of a given preservative when exposed to a selection of 
decay organisms, and generate a basic value (threshold value, toxic limit) which may 
then be used as a meaningful starting point for further evaluation. Given the narrow 
applicability of laboratory decay tests to preservative evaluation, procedures must be 
designed to return maximum value. 
Testing the decay resistance of timber in the laboratory has shown that the rate of 
decay depends upon the properties of the wood under test, the test fungi used and the 
environmental conditions of the test221. 
Testing of a fully formulated product is considered important, as other components of 
the formulation may influence fungitoxicity. Use of a ligno-cellulosic substrate is 
essential, as it is impossible to reproduce satisfactorily the complex physical and 
chemical structure of wood and subsequently the process of fixation in more simple 
substrates. If the preservative is intended for outdoor use, a preweathering or leaching 
phase of treated material is necessary before decay resistance testing. 
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The resistance of pressure impregnated treated timber to decay depends primarily on 
the nature and the amount of preservative used. The timber substrate may influence 
the fixation, penetration, distribution, rate of leaching or the toxicity of the 
preservative. In laboratory evaluations of wood preservatives it is usually necessary to 
dissolve the preservative in a solvent at different concentrations to achieve a graded 
series of retentions in the impregnated wood specimens222. It is essential that the 
solvents used do not interfere with the toxicity and ensure an even distribution of the 
preservative. After evaporation, solvents should not leave any residues that decrease 
000 
the toxicity of the preservative . The solvents usually employed are water or 
kerosene, although for some preservatives other solvents such as N,N-
dimethylformamide, methanol and acetone are necessary222. 
Some fungi secrete extracellular enzymes that degrade wood components. Many 
inorganic preservatives are able to complex these enzymes, rendering them inactive. 
Wood destroying fungi can also secrete large amounts of waste organic substances 
that can react with preservatives and either reduce their toxicity, or render them more 
soluble and hence more readily removed by leaching223. Fungi could also increase 
leaching by destroying substances on which preservatives had been adsorbed or 
combined with, or by making the wood more pervious, allowing faster preservative 
diffusion223. These effects would be important in applications where timber is likely 
to be subjected to repeated fungal attack and leaching. 
If acceptable toxic values are obtained with all fungi in the initial trial, the 
preservative passes to the next phase of testing. Lesser performance and the 
preservative is rejected or either retested at higher concentrations or against further 
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isolates. Criteria for acceptability of a toxic compound rests on both economic and 
health and safety grounds. Thus, if economic aspects are satisfied, an acceptable 
concentration of a preservative of very low mammalian toxicity can be greater than 
would be acceptable for a more toxic preservative. 
Simple waterborne timber preservatives such as zinc chloride and copper sulphate 
have been in use for many years. Only with the development of more complex 
preservatives that fix strongly in the wood and which are resistant to removal by 
leaching, has more effective preservation of timber in ground contact by waterborne 
preservatives become possible. 
While cellulose enzymes must directly contact wood cellulose to cause decay, 
chemical modification of the cellulosic substrate can inhibit this reaction. The 
chemical used to cause this modification need not be toxic, provided it renders the 
OOA 00fs 
substrate unrecognisable as a food source " . 
It should also be noted that the relative, as well as the absolute susceptibility of timber 
to decay in service, will be greatly influenced by variations in locality and mode of 
usage, as well as by variation within the timber itself. 
Oertel227 first reported the effectiveness of several quaternary ammonium compounds 
as wood preservatives. Alkylammonium compounds appear to have potential, 
especially against wood decay fungi, as their effectiveness is equal to or higher than 
that of currently used chromated copper arsenate. Initial laboratory tests indicated that 
dialkyldimethylammonium compounds containing chain lengths of C8 to Cio were the 
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most effective228. Alkyltrimethylammonium, dialkyldimethylammonium and 
alkyldimethylbenzylammonium chlorides all provide sufficient fungicidal 
performance. It was later reported that didecyldimethylammonium compounds 
performed better than alkyldimethylbenzylammonium chloride, particularly against 
white rot fungi, with laboratory studies indicating that didecyldimethylammonium 
chloride was almost twice as effective as chromated copper arsenate230. 
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In contrast, field trials show unmodified alkylammonium compounds provide little 
protection in ground contact situations. Modification by the addition of chemicals to 
prevent colonization by staining fungi has greatly improved their performance232. 
Howick et al suggested the possibility of using alkylammonium compounds to 
protect wood against termite attack. Quaternary alkylammonium compounds are 
competitive in price with other sapstain controls and are safe to handle at formulated 
concentrations, thus alkylammonium compounds enhanced with copper represent a 
realistic alternative to chromated copper arsenate for protection of timber from 
biodeterioration. 
DaCosta and Rudman127'128 demonstrated that the decay resistance of numerous 
Eucalypt species is due principally to the toxicity of methanol soluble polyphenols 
materials, often ellagitannins, of the outer heartwood. Large quantities of tannins 
result in a notable increase in the resistance to wood destroying fungi of oak (Quercus 
robur and Quercus petraea) and chestnut (Castanea sativa)234. Both contain around 
10% tannins234 and are among the most durable European hardwoods. 
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Fungal production of polyphenoloxidases can assist in the detoxification of these 
extractives by causing polymerization, oxidation and hydrolysis. Variations in decay 
resistance are chiefly due to the composition and amount of fungitoxic extractives 
formed during the transformation of sapwood to heartwood235. 
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Hart and Hillis postulated that ellagitannins inhibit certain fungal proteins due to 
their protein binding capacity. They may inactivate fungal enzymes such as 
cellulases237 or reduce the accessibility of cell wall polysaccharides238. Toxic 
mechanisms can also involve complexation of metal ions with tannins. Metals such as 
iron are essential for fungal growth239. Given ellagitannins protect the heartwood of 
oak from decay236, and ellagic acid has been shown to inhibit the growth of fungi6, 
yeasts7, insects8'9 and algae10, ellagic acid and its water-soluble quaternary 
alkylammonium salts were trialed as fungicidal agents. 
Cellulose contains free hydroxyl groups and lignin contains phenolic and carboxylic 
groups. These groups have at least one pair of electrons that participate in 
displacement reactions and cause wet timber to act like an ion exchange column. 
Cations, such as Cu2+, are readily removed from solution by covalent bonding to the 
wood, whereas anions continue to diffuse freely through both heartwood and 
sapwood. 
Mamers and McCarthy126 hypothesized that if metal ions were chelated into water-
soluble complexes having a neutral or negative charge, then diffusion through wet 
timber should occur. They envisaged126 the chelates as introducing fungitoxic metal 
elements throughout a timber substrate as part of a remedial treatment formulation. 
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Brown Rots 
(Basidiomycetes) 
Attack softwoods 
preferentially. 
Hyphae grow in cell 
lumen. Catalysts can 
diffuse and act in cell wall. 
Cellulose activity not 
bound to hyphae. The 
enzymes are free to diffuse 
away from the fungus. 
O n initiation of decay the 
degree of polymerization 
of cellulose drops sharply. 
Alkali solubility increases 
rapidly before there is 
appreciable weight loss. 
Large strength loss for 
small weight loss. 
Little loss of lignin ( 7 % 
lignin removed for a total 
weight loss of 70%). 
White Rots 
(Basidiomycetes) 
Attack hardwoods 
preferentially. 
Hyphae grow in cell 
lumen. 
Cellulose activity bound to 
the hyphae. Ligninase and 
cellulose activity "non-
diffusable". 
Degree of polymerization 
changes relatively slowly 
during the course of decay. 
N o rise in alkali solubility. 
Removal of cellulose 
lignin and hemicelluloses 
occur at approximately the 
same proportion as they 
occur in sound wood. 
Soft Rots 
(Asomycetes and fungi 
imperfecti) 
Attack hardwoods 
preferentially. 
Hyphae grow in cell wall. 
Cellulose activity bound to 
the hyphae. 
Degree of polymerization 
drops steadily during the 
course of decay. 
Alkali solubility remains 
low. 
Removal of lignin as a 
percentage of its 
proportion of total wood is 
low (20% removal for 
5 0 % weight loss). 
Table 5.12- Differences between brown rot, white rot and soft rot fungi 
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Fungicidal trials were also carried out upon ellagate treated wood retreated with a 
1000 ppm Cu2+ solution. Based upon the biocidal properties of diffusible copper 
chelate fungicides126 and the ability of the ellagate anion to chelate copper (see 
4.3.10), therefore fixing this otherwise easily leached bioactive molecule in wood (see 
5.3.3), it is proposed that an insoluble, fungicidal complex may form throughout the 
timber. 
Fungal species employed for preservation trials. 
Decay tests were carried out in accordance with the American Wood-Preservers 
Association Standard M10-77240 with pure cultures of basidiomycete fungi. Pure 
cultures of basidiomycetes give fast, reproducible results and give the best simulation 
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of field conditions during rapid decay . White other fungi and bacteria may be 
important as precursors or commensals that cause detoxification or depletion of 
preservatives in service, the severe decay leading to failure of timber in service is 
usually caused by a basidiomycetes operating in pure culture235. Workers have 
reservations about predicting the in service performance of a preservative from 
laboratory tests, but for many problems they are the only available source of objective 
information235. 
Wide variation (Table 5.12)241 is known to exist in the relative susceptibility to toxic 
materials amongst wood destroying fungi. Therefore, the selection of fungi is crucial 
for any test method that compares preservatives of different composition. 
Consideration must be given to the known sensitivity of the fungi to the preservative 
under test. The likelihood of the fungi in the locality and the type of service for which 
the preservatives are intended also needs to be considered. 
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The brown rot fungi Serpula lacrymans, Coniophora olivacea, Gleophyllum 
abietinium and Fomitopsis lilacino-gilva cause rapid dark brown discolouration of 
timber accompanied by brittleness and softening242. Wood splits into cubic or 
rectangular pieces by cracking along and across the grain. Wood with extensive 
rotting may have an unaltered outer appearance as decay is often internal. Typical of 
brown rot fungi in an advanced stage of decay, the wood cellulose is almost 
completely destroyed, lignin remains and is transformed into a substance which 
resembles humic acid242. 
Originating from the northern hemisphere, the extremely destructive Serpula 
lacrymans rarely occurs in standing trees, but typically destroys coniferous timbers 
and hardwoods such as mahogany in buildings and less commonly in timber yards242. 
Otherwise known as dry rot, this fungus forms resupinate sheets of mycelium on 
floors, walls, ceilings, skirting boards, beams and can pass along joists, through 
plaster and over brickwork. In decomposing wood carbohydrates, the fungus exudes 
water and carbon dioxide of respiration. Hence, once an attack is established, the 
wood becomes progressively wetter, allowing the fungus to rapidly multiply, thereby 
increasing the rate of decay242. 
Serpula lacrymans is active within a narrow ambient temperature range and is not 
found in the tropics. The species is unable to attack water logged wood and is 
sensitive to heat, alkalinity and antiseptics242. Low concentrations of most 
preservatives prevent growth. The fungus is tannin sensitive and seldom attacks oak 
heartwood unless it has already gained a hold on sapwood in contact with the oak. 
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When abundant moisture is present, the wet rot fungi Coniophora olivacea is one of 
the most prevalent agents of decay of both hardwoods and softwoods, causing heart 
rot in standing trees and serious decay of timber in service (building roofs, posts and 
poles)242. This vigorous wood fungus is destructive to most kinds of timber (Douglas 
fir, spruce, western red cedar and pine) and is known to attack durable eucalypt, oak 
and jarrah242. Coniophora olivacea has been extensively used in preservative 
evaluation tests and is reputedly fairly tolerant of inorganic preservatives242 
(especially zinc and copper compounds); although it is relatively sensitive to 
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arsenic . 
Gloeophyllum abietinium does not attack living trees and is rarely found in buildings. 
Its typical habitat is both the heartwood and sapwood of exposed softwoods in lumber 
OAO 
yards, fallen logs, fencing and poles 
The Australasian brown rot fungus Fomitopsis lilacino-gilva occurs mainly on fallen 
logs of eucalypt timber and is a common cause of destruction of eucalypt timber in 
• 242 
service . 
The object of this trial was to measure the relative resistance of 11 preservatives to 
attack by five selected wood destroying fungi on Pinus radiata D.Don. Following 12 
weeks incubation at the optimal growth temperatures and 65% relative humidity, the 
blocks were removed from the jars, wiped free of fungal mycelium, oven dried for 48 
hours at 105°C and reweighed. Decay was measured as a percentage loss of wood 
substance according to equation 9. 
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Equation 9 : Calculation of percentage loss of wood substance 
% Mass loss = Initial sterile oven dry mass - Decayed oven dry mass 
Initial sterile oven dry mass 
The average percentage loss of the uninoculated blocks, incubated in the same fashion 
as the test blocks but in sterile jars, was 1.32%. The loss in weight, though small, is 
significant and probably due largely to the slow diffusion of soluble materials from 
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the blocks into the surrounding soil . It is assumed that the processes causing weight 
loss in the uninoculated controls will cause losses of a similar magnitude in test 
blocks under the same conditions. Therefore, the weight loss of the test blocks is not 
an accurate measure of the amount of decay in that they include losses from causes 
other than decay. All values were adjusted to allow for the respective losses in 
uninoculated samples, and are referred to as adjusted percentage weight losses. 
Ellagic acid, tetraguanidinium, tetracholine, tetrakis-benzyltrimethylammonium and 
tetrakis-tetramethylammonium ellagate treated woods incorporated three experimental 
factors - fungi (five varieties), preservative (two types) and concentration (three 
levels nested within preservative). The 2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-
diphenyl treatment incorporated two experimental factors - fungi (five varieties) and 
preservative concentration (three levels). 
Ten replicates were conducted for each fungi, preservative and concentration 
combination of which seven values were randomly chosen (with the exception of 
ellagic acid where all replicates were utilized), statistically analyzed^ and referred to 
as adjusted percentage weight losses. 
The statistical analyses of the soil-block test results are included in Appendix X 
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Treatment solution (solvent) 
TGE (99) (WATER) 
TCE (100) (WATER) 
BTM (101) (WATER) 
TMA (102) (WATER) 
EA (1) (NMP) 
DIISO (105) (DIOXANE) 
TGE/1000 ppm Cu (WATER) 
TCE/1000 ppm Cu (WATER) 
BTM/1000 ppm Cu (WATER) 
TMA/1000 ppm Cu (WATER) 
EA/1000 ppm Cu (NMP/WATER) 
Retention (kg/m3) 
5 % solution 
(%VAR) 
24.4 
(12.04) 
16.7 
(20.44) _^ 
18.2 
(18.02) 
23.6 
(14.26) 
15.0 
(22.81) 
15.1 
(8.19) 
33.0 
(11.49) 
29.7 
(11.42) 
31.2 
(14.90) 
31.6 
(12.49) 
31.1 
(11.45) 
1 % solution 
(%VAR) 
4.6 
(11.10) 
4.5 
(19.18) 
3.6 
(14.05) 
3.7 
(12.17) 
3.7 
(18.80) 
2.3 
(9.57) 
6.7 
(11.73) 
5.9 
(15.30) 
5.0 
(18.87) 
6.5 
(6.70) 
5.8 
(10.38) 
0.1% solution 
(%VAR) 
0.7 
(6.84) 
0.5 
(8.34) 
0.4 
(10.51) 
0.6 
(16.67) 
0.5 
(12.29) 
0.4 
(4.74) 
0.7 
(10.17) 
0.7 
(5.43) 
0.6 
(6.35) 
0.6 
(9.72) 
0.6 
(8.37) 
Table 513- Treatment solution retention (kg/m3) of cubes used for soil block trial 
The following solvent uptakes were noted: water (541 L/m3), N-methylpyrrolidone 
(478 L/m3) and dioxane (490 L/m3). 
The percentage variance of each treatment retention was calculated using equation 6. 
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54.2 Experimental 
Standard method M10-77240 of the American Wood-Preservers Association for testing 
wood preservatives by laboratory soil-block cultures was used. Test cubes (19 mm 
edges) were cut from kiln dried flatsawn sapwood boards of Pinus radiata D.Don. 
The test blocks were sanded and their weights recorded. The equilibrium moisture 
content of each cube was calculated (Equation 7) based upon the dry mass of the 
sample (oven dried at 105°C for 48 hours). Prior to treatment all samples were 
conditioned to constant weight for 3 weeks at 25°C and 65% relative humidity. 
The test specimens were impregnated with preservative by the Bethel process 
previously described (see 5.2.2). Three concentrations (5%, 1% and 0.1%) of each 
preservative were tested (preservative retentions are outlined in Table 5.13). Samples 
were removed from the treatment solution, wiped lightly to remove residual surface 
solution and weighed. The blocks were conditioned for 3 weeks at 25°C and 65% 
relative humidity to allow preservative fixation. A second series of treated blocks 
were reimpregnated with a 1000 ppm Cu2+ solution, according to the schedule 
described. Following conditioning, the wood blocks were reweighed and sterilized by 
y-irradiation (Steritech Victoria, Dandenong, Victoria). 
Screwtopped glass jars of approximately 250 cm3 capacity were half filled with 130 g 
of soil which had been air dried for 6 weeks and passed through a U.S. No. 6 sieve. 
Water (40 cm3) was added to each jar to give the soil a water holding capacity of 
approximately 130%244. Two sapwood veneer feeder strips (3 X 28 X 34 mm) 
previously soaked in 1% malt extract for 24 hours were placed directly on the soil and 
the loosely capped jars sterilized at 103 kPa and 121 °C for 90 minutes. 
216 
Coniophora olivacea, Serpula lacrymans, Fomitopsis lilacino-gilva, Gloeophyllum 
abietinum (brown rot fungi) and Perenniporia tephropora (white rot fungi) were 
chosen as the individual test fungi. The fungi were received from CSIRO Australia -
Forest Products Laboratory, Clayton, Victoria as DFP isolates DFP 1779, DFP 16508, 
DFP 1109, DFP 13851 and DFP 7904 respectively on malt extract agar slants. 
Malt extract agar nutrient medium consisting of 3 weight percent malt extract, 0.5 
weight percent mycological peptone and 1.5 weight percent agar was prepared and 
sterilized at 103 kPa and 121 °C for 20 minutes. Petri dishes were poured, allowed to 
cool and inoculated with test fungi. The plates were incubated at 65% relative 
humidity and 27°C (with the exception of S.lacrymans, which required incubation at 
20°C). Subculturing continued until fungal growth was sufficiently vigorous (the 
entire surface of the agar is covered with mycelium 4-5 days after inoculation). 
Fungal inoculum, cut 15 mm square from 3 day old dish cultures, was aseptically 
transferred to the edge of the feeder strips in the sterile soil culture bottles. The lids 
were slightly loosened and the jars incubated at the desired temperature until the 
feeder strips were covered by mycelium (6-8 days). One set of jars was left 
uninoculated as a sterile control. 
The test blocks were aseptically placed in the jars with a cross-sectional face centred 
in contact with the mycelium covered feeder strip. Each jar contained two replicate 
specimens. Wood blocks were also placed in the sterile control jars. With the lids 
slightly loosened, the culture bottles were incubated at the appropriate temperature for 
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Treatment / 
Fungi 
Untreated 
5% TGE 
1%TGE 
0.1% TGE 
5%TGE/Cu 
1%TGE/Cu 
0.1%TGE/Cu 
5% TCE 
1%TCE 
0.1% TCE 
5%TCE/Cu 
1%TCE/Cu 
0.1%TCE/Cu 
5% BTM 
1%BTM 
0.1% BTM 
5%BTM/Cu 
I%BTM/Cu 
0.1%BTM/Cu 
5% TMA 
1%TMA 
0.1% TMA 
5%TMA/Cu 
1%TMA/Cu 
0.1%TMA/Cu 
5%EA 
1%EA 
0.1% EA 
5%EA/Cu 
1%EA/Cu 
0.1%EA/Cu 
NMP 
5% DIISO 
1% DIISO 
0.1% DIISO 
DIOXANE 
Coniophora 
olivacea 
38.37% 
4.69% 
36.34% 
38.79% 
5.06% 
31.59% 
27.94% 
26.68% 
35.63% 
36.43% 
27.88% 
30.66% 
29.55% 
24.22% 
39.48% 
39.95% 
21.90% 
34.13% 
31.32% 
10.93% 
35.24% 
1.18% 
12.45% 
29.15% 
31.20% 
5.73% 
6.43% 
5.98% 
6.68% 
8.09% 
8.44% 
5,98% 
32.28% 
34.82% 
38.69% 
15.22% 
Gloeophyllum 
abietinum 
27.38% 
8.86% 
16.68% 
37.93% 
8.54% 
7.66% 
7.23% 
21.80% 
21.33% 
33.50% 
13.68% 
6.21% 
6.55% 
10.65% 
17.72% 
27.01% 
11.32% 
6.93% 
3.67% 
8.00% 
32.49% 
1.01% 
11.86% 
5.74% 
6.57% 
4.07% 
4.71% 
4.51% 
4.99% 
6.21% 
6.07% 
4.40% 
11.98% 
21.78% 
17.57% 
8.27% 
Fomitopsis 
lilacino-gilva 
29.51% 
3.83% 
37.27% 
31.01% 
5.64% 
28.13% 
16.24% 
27.01% 
34.06% 
32.36% 
31.88% 
22.98% 
19.01% 
11.14% 
34.15% 
31.57% 
20.27% 
27.18% 
13.33% 
10.78% 
1.32% 
1.30% 
13.78% 
22.57% 
19.51% 
6.00% 
6.82% 
6.31% 
6.98% 
8.70% 
8.89% 
6.17% 
19.79% 
26.68% 
25.07% 
26.72% 
Serpula 
lacrymans 
54.06% 
33.60% 
50.79% 
45.79% 
20.63% 
49.80% 
41.03% 
22.55% 
40.28% 
53.91% 
53.17% 
48.54% 
34.50% 
42.52% 
47.90% 
53.64% 
52.80% 
34.39% 
12.96% 
3.73% 
43.99% 
1.10% 
52.69% 
39.29% 
31.09% 
4.74% 
5.09% 
4.60% 
5.31% 
6.66% 
6.34% 
4.91% 
43.84% 
43.36% 
54.55% 
46.39% 
Perenniporia 
tephropora 
24.14% 
3.79% 
8.72% 
9.42% 
4.79% 
3.03% 
3.77% 
8.63% 
5.57% 
6.32% 
11.44% 
4.09% I 
3.31% 
4.92% 
6.88% 
2.67% 
5.18% 
1.65% 
3.97% 
4.44% 
4.73% 
2.12% 
3.89% 
0.92% 
1.15% 
4.13% 
4.87% 
3.61% 
4.97% 
5.47% 
4.08% 
3.67% 
4.94% 
4.17% 
3.43% 
4.14% 
Table 5.14 - Adjusted percentage loss of drv weight by test fungi in soil block test 
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12 weeks. After 12 weeks the specimens were removed from the culture bottles 
cleared of fungal mycelium, oven dried at 105°C for 48 hours and weighed. 
5.4.3 Discussion. 
Cartwright242 classified the natural decay resistance of timber into five groups, 
suggesting limits based upon losses in weight during an exposure trial. Timber highly 
resistant to fungal attack (Hazard Classes H4 and H5) has a long life when exposed to 
situations favourable to fungal decay (railway sleepers, posts and poles embedded in 
the ground). 
Wood resistant to fungal attack will have a moderate lifespan (10 - 15 years) when 
used in ground contact situations. This timber (Hazard Class H3) is appropriate for 
outdoor application where wood is not in contact with soil (windowsills, siding, gates 
and boats). 
Moderately resistant wood is liable to decay when exposed to damp conditions for 
any length of time and therefore cannot be used in contact with soil. Such material 
(Hazard Class H2) is suitable for use as flooring and ground floor joists in buildings. 
Non-resistant timber has little or no resistance to fungal attack under damp conditions 
and must be kept permanently dry in service. This timber (Hazard Class HI) can be 
safely utilized for roofing, rafters, joinery and furniture. 
Perishable timber exposed to damp conditions is highly susceptible to rapid fungal 
deterioration and is unsuitable for use in service. 
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The trialed treatments were assessed according to the limits outlined below and either 
passed or failed as potential fungicidal wood preservatives. 
Categories of preservative resistance to decay242. 
(1) Very resistant - Pass, this class suffers little or no appreciable reduction in weight 
during the laboratory test. 
(2) Resistant - Pass, category experiencing average losses in mass of up to about 5% 
throughout the trial. 
(3) Moderately resistant - Pass, group undergoing average decreases in weight 
between 5% and 10% during the test. 
(4) Non-resistant - Fail, class encountering average losses in mass from 10% to 30% 
throughout the trial. 
(5) Perishable - Fail, category highly susceptible to deterioration, average weight 
reduction of over 30% during the test. 
All test fungi displayed vigorous growth, evident in the high percentage losses of dry 
weight in the untreated wood samples. Coniophora olivacea, Gloeophyllum 
abietinum, Fomitopsis lilacino-gilva, Serpula lacrymans and Perenniporia 
tephropora were responsible for 38.37%, 27.38%, 29.51%, 54.06% and 24.14% 
weight losses respectively in the untreated timber specimens (Table 5.14). 
5.4.3.1 Resistance to tetraguanidinium ellagate. 
5% Tetraguanidinium ellagate treatment (Table 5.14) provided resistance to decay by 
Coniophora olivacaea; however timber perished (36.34% and 38.79% mass losses) 
when preservative concentrations of 1% and 0.1% were used. The combined 5% 
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tetraguanidinium ellagate/copper treatment provided blocks with resistance (5.06% 
mass loss) to C.olivacea. This treatment failed to inhibit C.olivacea at 1% and 0.1% 
concentration when incorporated with copper (31.59% and 27.94% mass losses 
respectively), suggesting tetraguanidinum ellagate was only toxic to C olivacea at 
concentrations of 5% and greater. C.olivacea was copper tolerant. 
Moderate resistance (8.86% mass loss) to decay by Gloeophyllum abietinum was 
apparent in 5% tetraguanidinium ellagate treated specimens; however, as 
concentration levels were decreased (1% and 0.1%), timber resistance to G.abietinum 
fell dramatically to non-resistant (16.68% weight loss) and perishable (37.93% weight 
loss) levels. The inclusion of copper in the treatment produced an improved resistance 
to G.abietinum. Moderate resistance (8.54%, 7.66% and 7.23% weight loss) to fungal 
decay was noted at ellagate concentration levels including copper. Given the non-
toxicity of tetraguanidinium ellagate to G.abietinum (at 1% and 0.1% concentration 
levels) had already been demonstrated, it can be concluded that at the retention level 
trialed, this fungus was copper sensitive. 
5% Tetraguanidinium ellagate treated samples were resistant (3.83% weight loss) to 
decay when exposed to Fomitopsis lilacino-gilva; however, at lower preservative 
concentration (1% and 0.1%) the trial blocks perished (37.27% and 31.01% weight 
losses respectively). The incorporation of copper in the treatment had little effect 
upon the toxicity to F.lilacino-gilva. 5% Tetraguanidinium ellagate treated wood 
including copper showed moderate resistance (5.64% weight loss) to destruction by 
F.lilacino-gilva. Lower ellagate concentrations (1% and 0.1%) incorporating copper 
were ineffective (28.13% and 16.24% weight losses respectively). F.lilacino-gilva 
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was sensitive to tetraguanidinium ellagate only at 5% concentration. Copper was non-
toxic at the retention tested. 
Treatment with tetraguanidinium ellagate had no effect upon deterioration caused by 
Serpula lacrymans. At all three concentration levels test samples experienced 
extensive decay (33.60%, 50.79%) and 45.79% weight losses respectively) and 
perished. The presence of copper in the treatment had little effect upon toxicity to 
S.lacrymans. Samples treated with 5% tetraguanidinium ellagate and copper were 
non-resistant (20.63% weight loss) to S.lacrymans destruction. Extensive 
deterioration (49.80% and 41.03% weight loss respectively) also resulted from the 1% 
and 0.1% tetraguanidinum treatment that incorporated copper. S.lacrymans was 
tolerant of both tetraguanidinium ellagate and copper at the levels tested. 
5% Tetraguanidinium ellagate protected timber from decay (3.79% weight loss) by 
Perenniporia tephropora. The 1% and 0.1% treatments provided only moderate 
resistance (8.72% and 9.42% weight loss respectively). The addition of copper to the 
treatment slightly improved toxicity. Samples treated with tetraguanidinium ellagate 
and copper were resistant (4.79%, 3.03%> and 3.77% weight losses) to deterioration. 
P.tephropora was sensitive to tetraguanidinium ellagate at the retention levels trialed 
and the presence of copper slightly increased this toxicity. 
5.4.3.2 Resistance to tetracholine ellagate. 
Timber was highly susceptible to decay by Coniophora olivacea when treated with 
tetracholine ellagate (Table 5.14). Non-resistance (26.68% weight loss) was observed 
in blocks treated at 5% concentration and perishing (35.63% and 36.43% mass losses) 
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at 1% and 0.1 % levels was observed. The presence of copper in the treatment had no 
effect upon toxicity, extensive degradation (27.88%, 30.66% and 29.55% mass losses) 
was evident at the three concentration levels trialed incorporating copper. C olivacea 
was resistant to both tetracholine ellagate and copper at the trial concentrations. 
Tetracholine ellagate treated blocks (5% and 1%) were readily decayed by 
Gloeophyllum abietinum (21.80% and 21.33% mass losses respectively). Wood 
treated with a 0.1% solution perished (33.50% mass loss). The incorporation of 
copper improved the decay resistance of the treatment. All trial specimens containing 
copper exhibited moderate decay resistance (13.68%, 6.21% and 6.55% weight 
losses) to G.abietinum. Tetracholine ellagate was non-toxic to the copper intolerant 
G.abietinum. 
Tetracholine ellagate was non-toxic to Fomitopsis lilacino-gilva. At a 5% 
concentration, treated wood was non-resistant (27.01% mass loss) to decay. As 
preservative concentrations decreased, more extensive degradation was observed 
(34.06% and 32.36% weight losses respectively). The inclusion of copper in the 
treatment slightly improved the specimens resistance to decay by F. lilacino-gilva, but 
non-resistance was still apparent (31.88%), 22.98%) and 19.01% mass losses for 5%, 
1% and 0.1% tetracholine ellagate/copper treatments respectively). F. lilacino-gilva 
was resistant to both copper and tetracholine ellagate at the retentions tested. 
Timber was non-resistant (22.55% mass loss) to attack by Serpula lacrymans when 
treated with 5% tetracholine ellagate. Specimens treated with 1% and 0.1% 
preservative solutions perished (40.28% and 53.91%) mass losses) when exposed to 
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S.lacrymans. Copper did not improve the treatment effectiveness. Timber treated with 
5%, 1% and 0.1% tetracholine ellagate/copper preservative perished (53.17%, 48.54% 
and 34.50% mass losses respectively) in the presence of S.lacrymans. Tetracholine 
ellagate and copper are non-toxic to S.lacrymans at the levels tested. 
Treatment with the 5%, 1% and 0.1% solutions of tetracholine ellagate provided 
moderate resistance (8.63%, 5.57% and 6.32% weight losses) to wood exposed to 
Perennioporia tephropora. Similar trends occurred when copper was incorporated in 
the treatment. 5% Tetracholine ellagate/copper treated wood was moderately resistant 
to attack (11.44% mass loss), whilst the 1% and 0.1% tetracholine ellagate/copper 
treated timber was resistant (4.09% and 3.31% mass losses) to P.tephropora decay. 
Tetracholine ellagate was toxic to P. tephropora at the retention levels trialed. 
5.4.3.3 Resistance to tetrakis-benzyltrimethvlammonium ellagate. 
Tetrakis-benzyltrimethylammonium ellagate treated wood (Table 5.14) was non-toxic 
to Coniophora olivacea. Timber treated with 5% preservative solution was non-
resistant (24.22% weight loss) to fungal decay. Samples treated with 1% and 0.1% 
solutions all perished (39.48%) and 39.95% weight losses respectively). The addition 
of copper to the treatment had no effect upon toxicity. Samples were non-resistant 
(21.90% weight loss) at 5% concentration level and perished (34.13% and 31.32% 
weight losses) at 1% and 0.1% treatment levels. Tetrakis-benzyltrimethylammonium 
ellagate and copper were non-toxic to C olivacea at the test concentrations. 
Treatment by 5%, 1% and 0.1% solutions of tetrakis-benzyltrimethylammonium 
ellagate had limited effect upon Gloeophyllum abietinum colonization. Test 
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specimens were non-resistant (10.65%, 17.72% and 27.01% weight losses 
respectively) and underwent decay. The inclusion of copper in the preservative 
improved the toxicity of the treatment to G.abietinum. Timber moderately resistant 
(11.32%, 6.93% and 3.67% weight losses) to G.abietinum resulted from 5%, 1% and 
0.1% tetrakis-benzyltrimethylammonium ellagate/copper treatment. G.abietinum was 
copper sensitive and tetrakis-benzyltrimethylammonium ellagate inhibited decay at 
the levels tested. 
Wood treated with 5% tetrakis-benzyltrimethylammonium ellagate was non-resistant 
(11.14% weight loss) to decay when exposed to Fomitopsis lilacino-gilva, further, 1% 
and 0.1% treated timber was very susceptible to decay, and perished (34.15% and 
31.57% weight losses respectively). The presence of copper in the preservative had no 
effect upon toxicity to F. lilacino-gilva. Blocks treated by 5%, 1% and 0.1% tetrakis-
benzyltrimethylammonium ellagate/copper preservative were all non-resistant 
(20.27%, 27.18% and 13.33% weight losses respectively) to fungal degradation by 
Flilacino-gilva. Tetrakis-benzyltrimethylammonium ellagate was non-toxic to 
Flilacino-gilva. This fungus was copper tolerant at the retention level trialed. 
All tetrakis-benzyltrimethylammonium ellagate treated samples (5%, 1% and 0.1%) 
gave rise to extensive degradation (42.52%), 47.90%) and 53.64%) weight losses 
respectively) when exposed to Serpula lacrymans. Copper had no effect upon toxicity 
when added to the preservative. The 5% and 1% tetrakis-benzyltrimethylammonium 
ellagate/copper treatments resulted in perished wood (52.80% and 34.39% weight 
losses). The 0.1% preservative/copper mass loss (12.96%) after exposure to 
S.lacrymans was considered low and therefore suspect. Tetrakis-
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benzyltrimethylammonium ellagate and copper are both non-toxic to S.lacrymans at 
the levels tested. 
Timber treated with tetrakis-benzyltrimethylammonium ellagate was protected from 
decay when exposed to Perenniporia tephropora (4.92%), 6.88%> and 2.67% weight 
losses for 5%, 1% and 0.1% treatments respectively). Copper did not improve the 
toxicity of the treatment. Similar resistance (5.18%), 1.65% and 3.97% weight losses) 
was noted in samples treated with 5%, 1% and 0.1% tetrakis-
benzyltrimethylammonium ellagate/copper and subjected to P.tephropora 
colonization. P. tephropora was tetrakis-benzyltrimethylammonium ellagate sensitive. 
5.4.3.4 Resistance to tetrakis-tetramethylammonium ellagate. 
5% Tetrakis-tetramethylammonium ellagate provided moderate resistance (10.93% 
mass loss) to wood exposed to Coniophora olivacea; however, when the preservative 
concentration was decreased to 1%, C. olivacea caused extensive degradation (35.24% 
mass loss). Results for all 0.1 % tetrakis-tetramethylammonium ellagate treated 
specimens are extremely low (Table 5.14) and are considered suspect, thus they were 
not further considered. A limitation of the soil-block procedure was the reliance upon 
inoculation of test samples by apparently actively growing mycelia, which can be 
non-vigorous or deceased. 
The presence of copper appeared to have no effect on toxicity to C. olivacea when 
added to the treatment. 5% Tetrakis-tetramethylammonium ellagate/copper treated 
timber showed moderate resistance to decay (12.45% weight loss) by Colivacea and 
as the concentration was decreased to 1% and 0.1%, further decay and perishing in the 
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samples was apparent (29.15%) and 31.20% weight losses). Colivacea was 
moderately resistant to 5% tetrakis-tetramethylammonium ellagate and resistant to 
copper and this ellagate at all other trial concentrations. 
Treatment with 5% tetrakis-tetramethylammonium ellagate imparted moderate 
resistance (8.00% weight loss) to wood exposed to Gloeophyllum abietinum. At a 1% 
preservative concentration, fungal decay became extensive with specimens perishing 
(32.49% weight loss). Results of 0.1 % solution treatment (Table 5.14) were 
considered suspect and not examined further. The incorporation of copper in the 
treatment increased toxicity. All copper/tetrakis-tetramethylammonium ellagate 
treatments gave rise to moderate resistance (11.86%, 5.74% and 6.57% weight losses) 
in timber exposed to G.abietinum. Copper and 5% tetrakis-tetramethylammonium 
ellagate were toxic to G.abietinum. However, the lower concentrations of tetrakis-
tetramethylammonium ellagate were not. 
5% Tetrakis-tetramethylammonium ellagate provided moderate resistance (10.78% 
weight loss) to destruction by Fomitopsis lilacino-gilva. Results of the 1% and 0.1% 
treatments were considered suspect and not examined further. The addition of copper 
to the treatment had little effect upon the toxicity of tetrakis-tetramethylammonium 
ellagate to Flilacino-gilva. All tetrakis-tetramethylammonium ellagate/copper 
treatments showed non-resistance (13.78%, 22.57% and 19.51% weight losses 
respectively) to decay by Flilacino-gilva. Flilacino-gilva was copper and tetrakis-
tetramethylammonium ellagate resistant at the levels tested. 
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5% Tetrakis-tetramethylammonium ellagate treatment protected (3.73% weight loss) 
the timber from colonization by Serpula lacrymans. Wood perished (43.99% weight 
loss) at 1% treatment concentration. The 0.1 %> treated blocks (Table 5.14) produced 
questionably low values and are not further discussed. The addition of copper at the 
5% ellagate level appeared to inhibit the toxicity of tetrakis-tetramethylammonium 
ellagate to S.lacrymans. All treatments including copper resulted in perished wood 
(52.69%, 39.29% and 31.09%) weight losses at 5%, 1% and 0.1% concentration levels 
respectively). S.lacrymans was resistant to copper and possibly sensitive to high 
concentration (5%) of tetrakis-tetramethylammonium ellagate. 
Tetrakis-tetramethylammonium ellagate provided wood with resistance (4.44%, 
4.73% and 2.12% weight losses for 5%, 1% and 0.1% solutions respectively) to decay 
by Perenniporia tephropora. A similar trend was found when copper was 
incorporated in the preservative. Samples treated with 5% tetrakis-
tetramethylammonium ellagate/copper were resistant (3.89% weight loss) to attack by 
P.tephropora. Although values for the 1% and 0.1%/copper treatment are considered 
low (Table 5.14) and possibly suspect, given the toxicity of ellagate/copper 
preservatives to P.tephropora at these concentration levels, a similar trend was 
expected. Tetrakis-tetramethylammonium ellagate was toxic to P.tephropora at the 
test concentrations. 
5.4.3.5 Resistance to ellagic acid. 
All treatment levels (5%, 1% and 0.1%) of ellagic acid provided resistance or 
moderate resistance to fungal decay by the organisms tested (Table 5.14). However, 
this result can be attributed to the preservative solvent carrier, JV-methylpyrrolidone. 
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Specimens treated with N-methylpyrrolidone showed notable resistance to destruction 
(5.98%, 4.40%, 6.17%, 4.91% and 3.67% weight losses) to Colivacea, G.abietinum, 
F.lilacino-gilva, S.lacrymans and P.tephropora respectively. The presence of ellagic 
acid, at the trialed concentration levels, has no effect upon the results and it can be 
concluded that N-methylpyrrolidone and not ellagic acid is responsible for the toxicity 
to the test fungi. 
The addition of copper to the treatment produced similar results to the ellagic acid and 
7V-methylpyrrolidone treatments. It may be concluded that the presence of copper and 
any copper-ellagate complex formed does not improve the toxic properties of N-
methylpyrrolidone with regard to the test fungi. 
Ellagic acid in eucalypts has previously been shown to be slightly toxic to 
Coniophora olivacea245. A better understanding of the toxicity may be achieved by 
exposing timber treated with methanolic solutions of ellagic acid to the test fungi. 
5.4.3.6Resistance to 2,3,4,2',3',4 '-Hexamethoxy-6,6'-diisocyanato-diphenyl. 
2,3,4,2',3',4'-Hexamethoxy-6,6'-diisocyanato-diphenyl treatment (Table 5.14) had no 
toxic effect upon Colivacea at 5%, 1% and 0.1 %> concentrations. Extensive 
degradation (32.28%, 34.82% and 38.69% weight losses respectively) of the test 
blocks was noted. Timber treated with dioxane was non-resistant to attack by 
Colivacea, exhibiting 15.22% mass loss. 
Dioxane treated samples were moderately resistant (8.27% weight loss) to decay by 
Gloeophyllum abietinum. 2,3,4,2',3',4'-Hexamethoxy-6,6'-diisocyanato-diphenyl was 
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non-toxic to G.abietinum at all concentrations, weight losses of 11.98%, 21.78% and 
17.57% were observed. No fungal resistance occurred in samples treated with dioxane 
or 5%, 1% and 0.1% diisocyanate (105) solution (26.12%, 19.79%, 26.68% and 
25.07% weight losses respectively) and exposed to Fomitopsis lilacino-gilva. 
Serpula lacrymans caused extensive degradation to timber treated with dioxane and 
5%, 1% and 0.1% solutions of 2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-
diphenyl. Severe perishing (46.39%, 43.84%, 43.36% and 54.55% weight losses for 
each treatment respectively) was apparent after colonization by S.lacrymans. All 
treatments (dioxane, 5%, 1% and 0.1 % diisocyanate solutions) proved toxic to 
Perenniporia tephropora. Weight losses of 4.14%>, 4.94%, 4.17% and 3.43% were 
observed respectively for each treatment. 
5.4.4 Conclusions. 
Coniophora olivacea, Fomitopsis lilacino-gilva, and Serpula lacrymans were tolerant 
of tetraguanidinium, tetracholine, tetrakis-benzyltrimethylammonium and tetrakis-
tetramethylammonium ellagate treatments. These fungi were also copper tolerant at 
the trial concentration levels. Any copper-ellagate complex that formed (by the two 
step water-soluble ellagate/copper preservative treatment) within the timber showed 
no toxicity to Colivacea, Flilacino-gilva, and S.lacrymans. Gloeophyllum abietinum 
was resistant to water-soluble ellagates but sensitive to copper at the retention level 
trialed and possibly to any copper-ellagate complex that precipitated within the wood. 
Water-soluble ellagates were toxic to Perenniporia tephropora and the presence of 
copper did not alter this toxicity. 
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The toxicity of ellagic acid was unable to be assessed with confidence due to the 
sensitivity of the test fungi to TV-methylpyrrolidone. Further assessment, using a 
methanolic solution, could be performed to establish the toxicity of ellagic acid to 
wood destroying fungi. N-Methylpyrrolidone protected wood from fungal decay by 
Colivacea, G.abietinum, Flilacino-gilva, S.lacrymans and P.tephropora. This 
solvent had the added advantage of significantly reducing water movement (see 
5.2.3.1) and uptake (see 5.2.3.2) in timber. 
The ability of ellagic acid and its derivatives to fix copper within wood deserves 
further attention when developing new preservative formulations. Greater copper 
concentrations need to be incorporated in the treatment to improve toxicity and 
maximize reactivity with the chelating ellagate anions. 
Coniophoria olivacea, Gloeophyllum abietinum, Fomitopsis lilacino-gilva and 
Serpula lacrymans were tolerant of the trial preservative, 2,3,4,2',3',4'-hexamethoxy-
6,6'-diisocyanato-diphenyl and dioxane. Perenniporia tephropora was sensitive to the 
diisocyanate treatment. 
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CHAPTER 6 OVERALL CONCLUSIONS 
6.1 Overall Conclusions. 
The initial part of this investigation dealt with the development of techniques for the 
rapid, inexpensive production of pure ellagic acid (1) from which a range of 
derivatives were synthesized. 
6.1.1 Preparation ofquinoidal derivatives of ellagic acid. 
Attempts to prepare quinoidal derivatives of ellagorubin proved unsuccessful. Based 
upon the inability to reductively aminate di-O-methylellagorubin directly by phase 
transfer using NaB^CN, or to prepare the oxime of this compound, further reactions 
to synthesize the target quaternary salts of di-O-methylellagorubin (Figure 2.1) were 
not investigated. Given the failure of Fremy's salt, and the cumbersome and low 
yielding nature of the alternative procedures141'142, further study of 3,3'-di-0-methyl-
5,5'-di-C-benzylellagic acid and its derivatives (Figure 2.2) was also abandoned. 
6.1.2 Preparation of ellagic acid derivatives for polymerization. 
A quantitative, inexpensive procedure for the production of tetramethylellagic acid 
(14) in air is outlined utilizing guanidinium methoxide and dimethyl sulphate in N-
methylpyrrolidone. 2,3,4,2',3',4'-Hexamethoxy-6,6'-diphenic acid (11) and its 
dimethyl diester (12), diacid dichloride (103), diisocyanate (105), diamine (107) and 
diol (108) were prepared from tetramethylellagic acid, but showed little reactivity 
when trialed in basic polymerization reactions. 
6.1.3 Examination of water-soluble ellagates as metal precipitants. 
The preparations of the previously unreported, water-soluble tetraguanidinium (99), 
tetracholine (100), tetrakis-benzyltrimethylammonium (101) and tetrakis-
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tetramethylammonium (102) ellagates are described. At mildly acidic, neutral and 
basic pH, ellagic acid and its water-soluble ellagates removed a range of metals 
(including magnesium, calcium, manganese, iron, cobalt, copper and gold) from 
solution by precipitation of metal-ellagate complexes. At strongly acidic pH pure 
ellagic acid precipitated by hydrolysis in preference to complex formation. 
6.1.4 Investigation of ellagic acid and its derivatives as wood preservation agents. 
2,3,4,2',3',4'-Hexamethoxy-6,6'-diisocyanato-diphenyl (105), ellagic acid and its 
water-soluble derivatives were evaluated as wood preservatives. Preliminary studies 
indicated these compounds are unsuitable for use as commercial water repellents, but 
do improve the dimensional stability of the timber. 
A solution of ellagic acid in A^-methylpyrrolidone causes significant reduction of both 
total moisture uptake and total moisture movement in timber stakes subjected to wick 
action. Water-soluble ellagates decrease moisture movement but have little effect 
upon total moisture uptake. The presence of copper had no effect upon either of these 
variables for all treatments trialed. 2,3,4,2',3',4'-Hexamethoxy-6,6'-diisocyanato-
diphenyl treated stakes exhibited similar properties to untreated wood. The moisture 
and copper distribution in treated stakes was also examined. 
When impregnated into wood ellagic acid and its water-soluble salts are capable of 
copper fixation by the precipitation of an insoluble copper-ellagate complex within 
the timber. These compounds may provide a comparable, non-toxic alternative to the 
hexavalent chromium treatments presently available. 
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The wood destroying fungi Coniophora olivacea, Fomitopsis lilacino-gilva, 
Gloeophyllum abietinum and Serpula lacrymans are resistant to tetraguanidinium, 
tetracholine, tefrakis-benzyltrimethylammonium, tetrakis-tetramethylarnmonium 
ellagate and 2,3,4,2',3',4'-hexamethoxy-6,6'-diisocyanato-diphenyl treatments. These 
compounds are fungicidal to Perenniporia tephropora. The solvent carrier of ellagic 
acid, JV-methylpyrrolidone, is toxic to all the test fungi and appears suitable as a 
preservative treatment for protection of wood to fungal decay. 
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CHAPTER 8 APPENDICES. 
ft / Appendix I Concentrations of ellagic acid in various hvdrolvsed fond* 
Food 
Strawberries 
Raspberries 
Blackberries 
Cranberries 
Pecans 
Walnuts 
Brazil nuts 
Peanuts 
Cashews 
Red apples 
Navel oranges 
Pink grapefruit 
Genus species 
Fragaria ananassa 
Rubus ideaus 
Rubus ursinus 
Vaccinium 
Caryna illinoensis 
Juglans nigra 
Bertholletia excelsia 
Arachis hypogaea 
Anacardium occidentale 
Maluspumila 
Citrus sinensis 
Citrus paradisi (pink) 
N u m b e r Samples 
Extracted 
3 
2 
3 
1 
1 
1 
1 
1 
1 
2 
2 
2 
pg Ellagic acid /g 
Dry Weight 
630 ± 90 
1500 ±100 
1500+140 
120 + 4 
330 + 0.3 
590 ±1 
<100 
<100 
<100 
<100 
<100 
<100 
A2 
R 1 Appendix I Concentrations of ellagic acid in various hvdrolvsed foods (cont 
(White grapefruit 
Tangerine 
Tangelo 
Peach 
Brown pear 
Green pear 
White grape 
Red grape 
Sour cherry 
Bing cherry 
Elderberry 
Blue plum 
Blueberries 
Kiwi 
Citrus paradisi (white) 
Citrus reticulata 
Citrus tangelo 
Prunus perspica 
Prunus communis (brown) 
Prunus communis (green) 
Vitis (white) 
Vitis (red) 
Prunus serotina (sour) 
Prunus serotina (bing) 
Sambucus 
Prunus domesticata 
Vaccinium occidentalis 
Actinidia chinensis 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
<100 
<100 
<100 
<100 
<100 
<100 
<100 
<100 
<100 
<100 
<100 
<100 
<100 
<100 
* Samples were extracted with methanol and hydrolysed with trifluoroacetic acid. 
A3 
ft 7 Appendix II Families and genera containing ellagitannins or ellagic acid 
~~ Family 
Aceraceae 
Amaryllidaceae 
Betulaceae 
Bixaceae 
Campanulaceae 
Casuarinaceae 
Cercidiphyllaceae 
Combretaceae 
Compositae 
Coriariaceae 
Corynocarpaceae 
Cyrillaceae 
Diapensiaceae 
Droseraceae 
Elaeocarpaceae 
Elaeagnaceae 
Empetraceae 
Ericaceae 
Euphorbiaceae 
Fagaceae 
Irankeniaceae 
Genus 
Acer monspessulanum (A. ginnale in lit.) 
Hypoxis 
Alnus, Carpinus 
Bixa 
Centropogon only 
Casuarina 
Cercidiphyllum 
Combretum (Terminalia in lit.) 
Tagetes only 
Coriaria 
Corynocarpus 
Cyrilla 
Galax 
Drosera 
Aristotelia 
Elaeagnus, Hippophae 
Empetrum 
Arbutus (Arctostaphylos, Vaccinium, in lit.) 
Acalypha, Euphorbia, Ricinus 
Castanea, Nothofagus, Quercus 
Frankenia 
A 4 
j? 7 Appendix II Families and genera containing ellagitannins or ellagic acid (cnnt) 
Geraniaceae 
Haloragidaceae 
Hamamelidaceae 
Juglandaceae 
Leguminosae 
Loranthaceae 
Lythraceae 
Melastomaceae 
Melianthaceae (Anacardiaceae in lit.) 
Myrtaceae 
Nymphaeaceae 
Onagraceae 
Punicaceae 
Rhizophoraceae 
Rosaceae 
Saxifragaceae 
Stachyuraceae 
Tamaricaceae 
Theaceae 
Iremandraceae 
Vitaceae 
Geranium 
Gunnera, Haloragis, Myriophyllum 
Liquidambar 
Pterocarya 
Pterocarpus (Caesalpinia in lit.) 
Nuytsia 
Lagerstroemia, Lythrum 
Bertolonia, Heterocentron, Medinilla, Tibouchina 
Greyia, Melianthus 
Agonis, Angophora, Callistemon, Eucalyptus, 
Eugenia, Melaleuca, Metrosideros, Myrtus, 
Psidium 
Nuphar 
Circaea, Fuchsia, Jussieua, Lopezia, Oenothera 
Punica 
Cassipourea (Rhizophora in lit.) 
Rosoideae only 
Francoa, Ribes 
Stachyurus 
Tamarix 
Camellia, Cleyera, Gordonia, Thea 
Tetratheca 
Vitis 
A 5 
X 3 Appendix III Tannins from which ellagic acid and/or gallic acid are obtained. 
Tannin 
Acertannin 
Chebulinic acid 
Chinese tannin 
Glucogallin 
Hamamelitannin 
Sumach tannin 
Tara tannin 
Tetrarin 
Turkish tannin 
Brevilagin 
Chebulagic acid 
Corilagin 
Juglanin 
Myrobalitannin 
Valonea tannin 
Source j Class 
Acer ginnala 
Myrobalans 
Rhus semialata 
Rheum officinale 
Hamamelis Virginia 
Rhus coriaria 
Caelsalpina 
spinosa 
Rheum officinale 
Quercus infectoria 
Algarobilla 
Myrobalans and 
Divi-divi 
Myrobalans and 
Divi-divi 
Juglans regia 
Myrobalans 
Quercus valonea 
Gallotannin 
Gallotannin 
Gallotannin 
Gallotannin 
Gallotannin 
Gallotannin 
Gallotannin 
Gallotannin 
Gallotannin 
Ellagitannin 
Ellagitannin 
Ellagitannin 
Ellagitannin 
Ellagitannin 
Ellagitannin 
Components 
Gallic acid and 1:5 
anhydrosorbitol 
Gallic acid, glucose, chebulic acid 
8-10 x gallic acid, 1 x glucose 
Gallic acid and ^ -glucopyranose 
2 x gallic acid and lx hamamelose 
Gallic acid, glucose and arabinose 
Gallic acid and quinic acid 
Gallic acid, glucose, cinnamic acid 
and rheosmin 
Gallic acid, ellagic acid, glucose 
Ellagic acid, brevifolincarboxylic 
acid and glucose 
Ellagic acid, gallic acid and 
glucose 
Ellagic acid, gallic acid and 
glucose 
Ellagic acid, gallic acid and 
glucose 
1 x ellagic acid and 2 x glucose 
Ellagic acid and valoneaic acid 
dilactone 
A6 
R 4 Appendix W Crystallographic data of ellagic acid and ellagic acid dihvdrate. 
Data 
Molecular formula 
Space group 
Unit cell data :a 
:b 
:c 
:ct 
:P 
1 
:V 
:DC 
:F(000) 
Ellagic acid 
Ci4H608 
P2i/c, Monoclinic, Z=2 
3.745 A 
11.442 A 
12.528 A 
90.22° 
536.9 A 3 
1.87 g/ml3 
Ellagic acid dihydrate 
C14H608.2H20 1 
Pl,triclinic,Z=l 
7.656(1) A 
9.563(1) A 
4.623(1)A 
97.88(1)° 
103.2(1)° 
102.22(1)° 
315.9 A 3 
1.78 g/ml3 
174 
A7 
H 5 Appendix VStatistical analysis of%WRE and %ASE result* 
Analysis of water repellent effectiveness (%WRF.) data 
Student's t-Test (Assuming Equal Variances') 
Mean 
Variance 
Observations 
Pooled Variance 
Hypothesized Mean Difference 
df 
tStat 
P(T<=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail 
Treated 
726.99 
12370.45 
59 
34609.69 
0 
116 
-4.13 
3.40 XI0- 5 
1.66 
6.81 X lO"3 
Untreated 
868.53 
56848.92 
59 
1.98 | 
A significant difference between the % W R E of treated and untreated wood exists (t Stat > t 
Critical). 
Anova: Single Factor 
Source 
Between 
Groups 
Within 
Groups 
Total 
SS 
491.58 
922.68 
1414.26 
df 
11 
24 
35 
MS 
44.69 
38.45 
F 
1.16 
P-value 
0.361 
Fcrit 
2.216 
The concentration of water-soluble ellagate had no significant effect upon % W R E and 
there was no significant difference between treatments (F value < F crit). 
A 8 
ft 5 Appendix VStatistical analysis of%WRE and %ASE results (cont) 
Analysis of water repellent effectiveness (%WRE) data (cont.) 
Summary of ANOVA data 
Groups 
5% TGE 
1% TGE 
0.1% TGE 
5% TCE 
1% TCE 
0.1% TCE 
5% TMA 
1%TMA 
0.1% TMA 
5% BTM 
1% BTM 
0.1% BTM 
Count 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
Sum 
72.47 
53.18 
64.53 
72.00 
74.30 
64.64 
92.28 
73.97 
76.23 
96.61 
74.74 
71.29 
Average 
24.16 
17.73 
21.51 
24.00 
24.77 
21.55 
30.76 
24.66 
25.41 
32.20 
24.91 
23.76 
Variance 
14.81 
27.87 
88.47 
24.11 
56.95 
47.75 
3.60 
9.84 
34.78 
2.10 
44.29 
106.78 
Student's t-Test (Assuming Equal Variances) 
Mean 
Variance 
Observations 
Pooled Variance 
Hypothesized Mean Difference 
df 
tStat 
P(T<=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail 
EA 
-8.45 
576.60 
9 
606.40 
0 
10 
-0.22 
0.42 
1.81 
0.83 
2.23 
NMP 
-4.90 
725.59 
3 
Addition of ellagic acid to the Tv'-methylpyrrolidone treatment had no significant 
upon %WRE (t Stat > t Critical). 
A9 
ft 5 Appendix VStatistical analysis of%WRE and %ASE results (cont.) 
Analysis of water repellent effectiveness (%WRE) data (cont.) 
Anova: Single Factor 
Source 
Between 
Groups 
Within 
Groups 
Total 
ss 
964.38 
5127.91 
6092.29 
df 
3 
8 
11 
MS 
321.46 
640.99 
F 
0.50 
P-value 
0.69 
Fcrit 
4.07 
The concentration of ellagic acid had no significant effect upon % W R E (F value < F crit). 
Summary of A N O V A data 
Groups 
5%EA 
1% EA 
0.1% EA 
NMP 
Count 
3 
3 
3 
3 
Sum 
-39.96 
-53.33 
17.22 
-14.71 
Average 
-13.32 
-17.78 
5.74 
-4.90 
Variance 
1271.60 
553.35 
13.42 
725.59 
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ft 5 Appendix VStatistical analysis of%WRE and %ASE results (cont) 
Analysis of water repellent effectiveness (%WRE) data (cont.) 
Student's t-Test (Assuming Equal Variances) 
Mean 
Variance 
Observations 
Pooled Variance 
Hypothesized Mean Difference 
df 
tStat 
P(T<=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail 
DIISO 
-13.71 
240.65 
9 
230.47 
0 
9 
-0.89 
0.20 
1.83 
0.39 
2.26 
DIOX 
-3.10 
148.97 
2 
The addition of the diisocyanate (105) to the dioxane treatment had no significant effect 
upon %WRE (t Stat > t Critical). 
Anova: Single Factor 
Source 
Between 
Groups 
Within 
Groups 
Total 
SS 
326.64 
1598.60 
1925.24 
df 
2 
6 
8 
MS 
163.32 
266.43 
F 
0.61 
P-value 
0.57 
Fcrit 
5.14 
The concentration of the diisocyanate (105) had no significant effect upon % 
< Fcrit). 
All 
ft f Appendix VStatistical analysis of%WRE and %ASE results (cont.). 
Analysis of water repellent effectiveness (%WRE) data (cont) 
Summary of ANQVA data 
Groups 
5% DIISO 
1% DIISO 
0.1% DIISO 
Count 
3 
3 
3 
Sum 
-15.92 
-50.02 
-57.42 
Average 
-5.30 
-16.67 
-19.14 
Variance 
336.22 
380.85 
82.23 
Analysis of dimensional stability (%ASE) data 
Student's t-Test (Assuming Equal Variances) 
Mean 
Variance 
Observations 
Pooled Variance 
Hypothesized Mean Difference 
df 
tStat 
P(T<=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail 
Treated 
14.21 
3.15 
59 
6.66 
0 
116 
7.43 
1.01 X 10"11 
1.66 
2.03 X 10-u 
1.98 
Untreated 
10.68 
10.18 
59 
A significant difference between the % A S E of treated and untreated wood exists (t Stat 
Critcai). 
A12 
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Analysis of dimensional stability (%ASE) data (cont.) 
Anova: Single Factor 
Source 
Between 
Groups 
Within 
Groups 
Total 
SS 
15119.7 
23433.4 
38553.1 
df 
19 
39 
58 
MS 
795.7736 
600.8564 
F 
1.32 
P-value 
0.22 
Fcrit 
1.86 
The treatment had no significant effect upon % A S E and there was no significant difference 
between treatments (F value < F crit). 
Summary of A N O V A data 
Groups 
5% TGE 
1% TGE 
0.1% TGE 
5% TCE 
1% TCE 
0.1% TCE 
5% TMA 
1% TMA 
0.1% TMA 
5% BTM 
1% BTM 
0.1% BTM 
5% EA 
1%EA 
0.1% EA 
NMP 
5% DIISO 
1% DIISO 
0.1% DIISO 
DIOX 
Count 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
Sum 
93.57 
73.79 
75.01 
118.78 
88.32 
80.97 
125.76 
94.73 
91.57 
89.34 
97.67 
87.29 
74.18 
119.05 
53.71 
58.15 
73.87 
72.99 
59.29 
3 60.26 
Average 
31.19 
24.60 
25.00 
39.59 
29.44 
26.99 
41.92 
31.58 
30.52 
29.78 
32.56 
29.10 
24.73 
-39.68 
17.90 
19.38 
24.62 
24.33 
19.76 
30.13 
Variance 
80.62 
6.45 
29.11 
21.41 
4.26 
18.01 
277.83 
11.17 
15.74 
79.72 
9.23 
9.10 
60.47 
11018.14 
8.85 
9.92 
8.61 
37.11 
10.59 
0.72 
A13 
ft 6 Appendix VI Statistical analysis of wick action results. 
Analysis of moisture loss in water immersed stakes 
Annva: Single Factor 
Model 
Residuals 
Total 
df 
8 
15 
23 
Sum of squares 
36156.97 
5843.81 
42000.78 
Mean of squares 
4519.62 
389.59 
Fisher's F stat 
11.60 
Pr>Fstat 
0.0001 
Mean moisture loss = 87.59 L/m 
Standard deviation of moisture loss = 42.73 L/m 
Minimum moisture loss = 24.70 L/m 
Maximum moisture loss = 176.61 L/m 
Correlation coefficient r: 0.9278 
Determination coefficient r : 0.8609 
Adjusted determination coefficient: 0.7867 
Wood treatment significantly effects moisture loss (Pr > F = 0.0001) in stakes immersed i 
water. 
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ft 6 Appendix VI Statistical analysis of wick action results (cont.). 
Analysis of moisture loss in water immersed stakes (cont.) 
Ronferroni's corrected t-test (Difference between categories analysis) 
Categories 
TGE / TCE 
TGE/TMA 
TGE/BTM 
TGE/EA 
TGE/DIISO 
TGE/BLANK 
TGE/NMP 
TGE/DIOX 
TCE/TMA 
TCE/BTM 
TCE/EA 
TCE/DIISO 
TCE/BLANK 
TCE /NMP 
TCE/DIOX 
TMA/BTM 
TMA/EA 
TMA/DIISO 
TMA/BLANK 
TMA/NMP 
TMA/DIOX 
BTM/EA 
BTM/DIISO 
BTM /BLANK 
BTM/NMP 
BTM/DIOX 
EA/DIISO 
EA/BLANK 
EA/NMP 
EA/DIOX 
DIISO/BLANK 
DIISO/NMP 
Difference 
-1.993 
-2.213 
30.290 
51.287 
-46.260 
-42.588 
59.022 
-65.088 
-0.220 
32.283 
53.280 
-44.267 
-40.595 
61.015 
-63.095 
32.503 
53.500 
-44.047 
-40.375 
61.235 
-62.875 
20.997 
-76.550 
-72.878 
28.732 
-95.378 
-97.547 
-93.875 
7.735 
-116.375 
3.672 
105.282 
Student's t 
-0.124 
-0.137 
1.879 
3.182 
-2.870 
-2.367 
3.276 
-3.612 
-0.014 
2.003 
3.306 
-2.747 
-2.253 
3.386 
-3.502 
2.017 
3.320 
-2.733 
-2.241 
3.398 
-3.489 
1.303 
-4.750 
-4.045 
1.595 
-5.293 
-6.053 
-5.210 
0.429 
-6.459 
0.204 
5.843 
Pr. > t' 
0.903 
0.893 
0.080 
0.006 
0.012 
0.032 
0.005 
0.003 
0.989 
0.064 
0.005 
0.015 
0.040 
0.004 
0.003 
0.062 
0.005 
0.015 
0.041 
0.004 
0.003 
0.212 
0.0003 
0.001 
0.132 
0.0001 
0.0001 
0.0001 
0.674 
0.0001 
0.841 
0.0001 
Significant 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
Yes 
No 
No 
Yes 
Yes 
Yes 
No 
Yes 
No 
Yes 
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Analysis of moisture loss in water immersed stakes (conO 
Ronferroni's corrected t-test (Difference between categories analysis') (cont) 
DIISO/DIOX 
BLANK/NMP 
BLANK/DIOX 
NMP/DIOX 
mificance level: 0 
-18.828 
101.610 
-22.500 
-124.110 
.0007 
-1.045 
5.148 
-1.140 
-6.288 
0.313 
0.0001 
0.272 
0.0001 
No 
Yes 
No 
Yes 
Means, Ranking and Categories Grouping using Bonferroni's test 
Categories 
NMP 
EA 
BTM 
TGE 
TCE 
TMA 
BLANK 
DIISO 
DIOX 
Mean 
28.40 
36.14 
57.14 
87.43 
89.42 
89.64 
130.01 
133.69 
152.51 
A 
A 
A 
A 
A 
A 
Grouping 
B 
B 
B 
B 
B 
C 
C 
C 
C 
C 
C 
A 1 6 
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Analysis of moisture uptake in water immersed stakes 
Anova: Single Factor 
Model 
Residuals 
Total 
df 
8 
15 
23 
S u m of squares 
1582.42 
87.94 
1670.36 
M e a n of squares 
197.80 
5.86 
Fisher's F stat 
33.74 
Pr > F stat 
0.0001 
•5 
Mean moisture uptake = 34.96 L/m 
Standard deviation of moisture uptake = 8.52 L/m 
Minimum moisture uptake =13.63 L/m 
Maximum moisture uptake = 44.23 L/m 
Correlation coefficient r. 0.9733 
Determination coefficient r2: 0.9474 
Adjusted determination coefficient: 0.9193 
Wood treatment significantly effects moisture uptake (Pr > F = 0.0001) in stakes immersed 
in water. 
A 1 7 
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Analysis of moisture uptake in water immersed stakes (cont.) 
Ronferroni's corrected t-test (Difference between categories analysis) 
Categories 
TGE/TCE 
TGE/TMA 
TGE/BTM 
TGE/EA 
TGE/DIISO 
TGE/BLANK 
TGE/NMP 
TGE / DIOX 
TCE/TMA 
TCE/BTM 
TCE/EA 
TCE/DIISO 
TCE/BLANK 
TCE/NMP 
TCE/DIOX 
TMA/BTM 
TMA/EA 
TMA/DIISO 
TMA/BLANK 
TMA/NMP 
TMA/DIOX 
BTM/EA 
BTM/DIISO 
BTM /BLANK 
BTM/NMP 
BTM/DIOX 
EA/ DIISO 
EA/BLANK 
EA/NMP 
EA/DIOX 
DIISO/BLANK 
DIISO/NMP 
Difference 
-0.543 
0.400 
-3.837 
23.227 
2.653 
0.370 
11.260 
2.720 
0.943 
-3.293 
23.770 
3.197 
0.913 
11.803 
3.263 
-4.237 
22.827 
2.253 
-0.030 
10.860 
2.320 
27.063 
6.490 
4.207 
15.097 
6.557 
-20.573 
-22.857 
-11.967 
-20.507 
-2.283 
8.607 
Student's t 
-0.275 
0.202 
-1.941 
11.748 
1.342 
0.167 
5.094 
1.231 
0.477 
-1.666 
12.023 
1.617 
0.413 
5.340 
1.476 
-2.143 
11.546 
1.140 
-0.014 
4.913 
1.050 
13.689 
3.283 
1.903 
6.830 
2.966 
-10.406 
-10.341 
-5.414 
-9.277 
-1.033 
3.894 
Pr. > t' 
0.787 
0.8424 
0.071 
0.0001 
0.199 
0.869 
0.0001 
0.237 
0.640 
0.116 
0.0001 
0.127 
0.685 
0.0001 
0.160 
0.049 
0.0001 
0.272 
0.989 
0.0002 
0.310 
0.0001 
0.005 
0.076 
0.0001 
0.010 
0.0001 
0.0001 
0.0001 
0.0001 
0.318 
0.001 
Significant 
No 
No 
No 
Yes 
No 
No 
Yes 
No 
No 
No 
Yes 
No 
No 
Yes 
No 
No 
Yes 
No 
No 
Yes 
No 
Yes 
No 
No 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
No 
No 
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Analysis of moisture uptake in water immersed stakes (cont.) 
Ronferroni's corrected t-test (Difference between categories analysis) (cont.) 
DIISO/DIOX 
BLANK/NMP 
BLANK/DIISO 
BLANK/DIOX 
mificance level: 0 
0.067 
10.890 
2.350 
-8.540 
.0007 
0.030 
4.497 
0.970 
-3.527 
0.976 
0.0004 
0.347 
0.003 
No 
Yes 
No 
No 
Means, Ranking and Categories Grouping using Bonferroni's test 
Categories 
EA 
NMP 
DIOX 
DIISO 
TMA 
BLANK 
TGE 
TCE 
BTM 
Mean 
15.66 
27.63 
36.17 
36.24 
38.49 
38.52 
38.89 
39.43 
42.73 
A 
Grouping 
B 
B 
B 
C 
C 
C 
C 
C 
C 
C 
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Analysis of moisture loss in stakes immersed in copper solution 
Anova: Single Factor 
Model 
Residuals 
Total 
df 
6 
12 
18 
S u m of squares 
20731.18 
2865.43 
23596.60 
M e a n of squares 
3455.20 
238.79 
Fisher's F stat 
14.47 
Pr > F stat 
0.0001 
Mean moisture loss = 89.29 L/m2 
Standard deviation of moisture loss = 36.21 L/m 
Minimum moisture loss = 28.28 L/m 
Maximum moisture loss =143.61 L/m 
Correlation coefficient r: 0.9373 
Determination coefficient r: 0.8786 
Adjusted determination coefficient: 0.8178 
Wood treatment significantly effects moisture loss (Pr > F = 0.0001) in stakes immersed in 
copper solution. 
A 2 0 
ft 6 Appendix VI Statistical analysis of wick action results (cont.). 
Analysis of moisture loss in stakes immersed in copper solution (cont) 
Ronferroni's corrected t-test (Difference between categories analysis^ 
Categories 
TGE/TCE 
TGE/TMA 
TGE/BTM 
TGE/EA 
TGE/BLANK 
TGE/NMP 
TCE/TMA 
TCE/BTM 
TCE/EA 
TCE/BLANK 
TCE/NMP 
TMA/BTM 
TMA/EA 
TMA/BLANK 
TMA/NMP 
BTM/EA 
BTM/BLANK 
BTM/NMP 
EA/BLANK 
EA/NMP 
BLANK/NMP 
Difference 
13.180 
3.377 
-4.790 
71.987 
-37.070 
55.630 
-9.803 
-17.970 
58.807 
-50.250 
42.450 
-8.167 
68.610 
-40.447 
52.253 
76.777 
-32.280 
60.420 
-109.057 
-16.357 
92.700 
Student's t 
1.045 
0.268 
-0.380 
5.705 
-2.628 
3.944 
-0.777 
-1.424 
4.661 
-3.562 
3.009 
-0.647 
5.438 
-2.867 
3.704 
6.085 
-2.288 
4.283 
-7.731 
-1.159 
5.999 
Pr. > V 
0.317 
0.793 
0.711 
0.0001 
0.022 
0.002 
0.452 
0.180 
0.0006 
0.004 
0.011 
0.530 
0.0002 
0.014 
0.003 
0.0001 
0.041 
0.0001 
0.0001 
0.269 
0.0001 
Significant 
No 
No 
No 
Yes 
No 
No 
No 
No 
Yes 
No 
No 
No 
Yes 
No 
No 
Yes 
No 
Yes 
Yes 
No 
Yes 
Corrected significance level: 0.0012 
Means. Ranking and Categories Grouping using Ronferroni's test 
Categories 
EA 
NMP 
TCE 
TMA 
TGE 
BTM 
BLANK 
Mean 
32.48 
48.84 
91.29 
101.09 
104.47 
109.26 
141.54 
A 
A 
Grouping 
B 
B 
B 
B 
C 
r
 C 
C 
c 
_—^-—1 
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Analysis of moisture uptake in stakes water immersed in copper solution 
Annva: Single Factor 
Model 
Residuals 
Total 
df 
6 
12 
18 
S u m of squares 
1753.21 
125.93 
1879.14 
M e a n of squares 
292.20 
10.49 
Fisher's F stat 
27.84 
Pr > F stat 
0.0001 
-5 
Mean moisture uptake = 36.66 L/m 
Standard deviation of moisture uptake = 10.22 L/m 
Minimum moisture uptake =13.91 L/m 
Maximum moisture uptake = 46.82 L/m 
Correlation coefficient r: 0.9659 
Determination coefficient r2: 0.9330 
Adjusted determination coefficient: 0.8995 
Wood treatment significantly effects moisture uptake (Pr > F = 0.0001) in stakes immersed 
in copper solution. 
A 2 2 
ft 6" Appendix VI Statistical analysis of wick action results (cont.). 
Analysis of moisture uptake in stakes immersed in copper solution (cont.) 
Bonferroni's corrected t-test (Difference between categories analysis) 
Categories 
TGE/TCE 
TGE/TMA 
TGE/BTM 
TGE/EA 
TGE/BLANK 
TGE/NMP 
TCE/TMA 
TCE/BTM 
TCE/EA 
TCE/BLANK 
TCE/NMP 
TMA/BTM 
TMA/EA 
TMA/BLANK 
TMA/NMP 
BTM/EA 
BTM/BLANK 
BTM/NMP 
EA/ BLANK 
EA/NMP 
BLANK/NMP 
Difference 
4.470 
0.237 
-1.570 
25.597 
2.205 
15.725 
-4.233 
-6.040 
21.127 
-2.265 
11.255 
-1.807 
25.360 
1.968 
15.488 
27.167 
3.775 
17.295 
-23.392 
-9.872 
13.520 
Student's t 
1.690 
0.089 
-0.594 
9.677 
0.746 
5.317 
-1.600 
-2.283 
7.987 
-0.766 
3.806 
-0.683 
9.588 
0.666 
5.237 
10.271 
1.276 
5.848 
-7.910 
-3.338 
4.173 
Pr. > t' 
0.117 
0.930 
0.564 
0.0001 
0.470 
0.0002 
0.135 
0.041 
0.0001 
0.458 
0.002 
0.508 
0.0001 
0.518 
0.0002 
0.0001 
0.226 
0.0001 
0.0001 
0.006 
0.001 
Significant 
No 
No 
No 
Yes 
No 
Yes 
No 
No 
Yes 
No 
No 
No 
Yes 
No 
Yes 
Yes 
No 
Yes 
Yes 
No 
No 
Corrected significance level: 0.0012 
Means. Ranking and Categories Grouping using Bonferroni's test 
Categories 
EA 
NMP 
TCE 
BLANK 
TMA 
TGE 
BTM 
Mean 
17.48 
27.35 
38.61 
40.87 
42.84 
43.08 
44.65 
A 
A 
Grouping 
B 
B 
B 
C 
C 
C 
C 
C 
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Analysis of the effect of copper upon moisture uptake and loss in treated stakes (cont) 
Moisture loss - Student's t-Test (Assuming Equal Variances^ 
Mean 
Standard Deviation 
Observations 
tStat 
P(T<=t) two-tail 
t Critical two-tail 
Water 
87.59 
42.73 
24 
-0.138 
0.891 
-2.02 
Copper 
89.29 
36.21 
19 
Copper had no significant effect upon the moisture loss of treated stakes (t Stat < t 
Critical). 
Moisture uptake - Student's t-Test (Assuming Equal Variances) 
Mean 
Standard Deviation 
Observations 
tStat 
P(T<=t) two-tail 
t Critical two-tail 
Water 
34.96 
8.52 
24 
-0.595 
0.555 
-2.02 
Copper 
36.66 
10.22 
19 
Copper had no significant effect upon the moisture uptake of treated stakes (t 
Critical). 
A 2 4 
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Analysis of copper concentration in treated stakes immersed in copper solution 
ftwwa: Single Factor 
"Model 
"Residuals 
Total 
df 
6 
178 
184 
Sum of squares 
304.64 
4940.37 
5245.01 
Mean of squares 
50.77 
27.75 
Fisher's F stat 
1.83 
Pr > F stat 
0.10 
Mean copper concentration =5.18 ppm/g 
Standard deviation of copper concentration = 5.34 ppm/g 
Minimum copper concentration = 0.03 ppm/g 
Maximum copper concentration = 27.77 ppm/g 
Correlation coefficient r: 0.2410 
Determination coefficient r2: 0.0581 
Adjusted determination coefficient: 0.0263 
Treatment does not significantly effect copper concentration (Pr > F 
greater than 0.05) in stakes immersed in copper solution. 
= 0.10, which is 
A41 
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^lysis of copper concentration in treated stakes immersed in copper solution fcnnt.) 
Ronferroni's corrected t-test (Difference between categories analysis^! 
Categories 
TGE/TCE 
TGE/TMA 
TGE/BTM 
TGE/EA 
TGE/BLANK 
TGE/NMP 
TCE/TMA 
TCE/BTM 
TCE/EA 
TCE/BLANK 
TCE/NMP 
TMA/BTM 
TMA/EA 
TMA/BLANK 
TMA/NMP 
BTM/EA 
BTM/BLANK 
BTM/NMP 
EA/BLANK 
EA/NMP 
BLANK /NMP 
Difference 
-1.039 
0.343 
-0.381 
2.286 
1.561 
2.752 
1.382 
0.658 
3.325 
2.600 
3.792 
-0.724 
1.943 
1.218 
2.410 
2.667 
1.942 
3.134 
-0.725 
0.467 
1.192 
Student's t 
-0.764 
0.252 
-0.278 
1.666 
1.010 
1.752 
1.016 
0.480 
2.424 
1.683 
2.414 
-0.528 
1.416 
0.789 
1.534 
1.928 
1.249 
1.982 
-0.466 
0.295 
0.688 
Pr. > t' 
0.446 
0.801 
0.781 
0.097 
0.314 
0.081 
0.311 
0.632 
0.016 
0.094 
0.017 
0.598 
0.158 
0.431 
0.127 
0.055 
0.213 
0.049 
0.642 
0.768 
0.493 
Significant 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
Corrected significance level: 0.0012 
Means, Ranking and Categories Grouping using Bonferroni's test 
Categories 
NMP 
EA 
BLANK 
BTM 
TGE 
TMA 
TCE 
Mean 
3.04 
3.50 
4.23 
5.48 
5.79 
6.17 
6.83 
Grouping 
A 
A 
A 
A 
A 
A 
A 
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R_Q Appendix DC Copper concentration and distribution in stakes subjected to wickine 
(cont.). 
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(cont.). 
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8.10 Appendix XStatistical analysis of soil hlorlr toSt 
Analysis of tetraguanidinium ellagate treatment data 
Normality Plot 
Normal Probability Plot 
n 
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SBev: 7.51153 
N210 
l^mogxcv-SmirrwNcnrelityTest 
D * QQ5B D-; QMS D: (MSB 
ffpainetBPAklua Q070 
The Kolmogorov-Smirov normality plot indicated that the data set was normal (p-
value 0.070). ^ 
Homogeneity of Variance 
Homogeneity of Variance Test for loss 
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SrtatsTest 
Test Statistic 207525 
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Levels Test 
Test S*' Sic 4CD6 
M«iB :Q0CD 
Levene's test for homogeneity of variance indicated that the entire data set did not 
show homogeneous variance. However individual analysis of the variance within each 
™ngi subset indicated that most variance within the groups was homogeneous 
(Levene's test /7-values 0.176, 0.000, 0.360, 0.130 and 0.003 for Colivacea, 
G.abietinum, Flilacino-gilva, S.lacrymans and P.tephropora respectively). 
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RJO Appendix X Statistical analysis of soil block test (cont). 
Analysis of tetraguanidinium ellagate treatment data (cont.) 
Error Bar Graphs 
The error bar graph illustrates the 95% confidence interval of each data set, plotting 
the range in which 95% of the data points for each group lie. 
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R 10 Appendix X Statistical analysis of soil block test (cont) 
Analysis of tetraguanidinium ellagate treatment data (cont.) 
Main Effects Plot 
The main effects plot illustrates contrasting means within each trial factor. 
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r 
Preservative 
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Mean 
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1.1790 
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A 5 2 
RAO Appendix X Statistical analysis of soil block test (cont) 
Analysis of tetraguanidinium ellagate treatment, data feont.) 
Anova Table 
The data fits the ANOVA assumptions therefore a three-way ANOVA analysis 
conducted. 
Source 
Fungi 
Conc(Presv) 
Presv 
Fungi*Presv 
Fungi* Conc(Presv) 
Error 
Total 
DF 
4 
4 
1 
4 
16 
180 
209 
SeqSS 
27775.3 
13924.8 
2643.0 
601.1 
7775.9 
3873.0 
56593.0 
AdjSS 
27775.3 
13924.8 
2643.0 
601.1 
7775.9 
3873.0 
A d j M S 
6943.8 
3481.2 
2643.0 
150.3 
486.0 
21.3 
F 
322.72 
161.79 
122.83 
6.98 
22.59 
P 
0.000 
0.000 
0.000 
0.000 
0.000 
The A N O V A test indicates that all main effects (fungi, preservative and 
concentration) have significant effects upon the mean adjusted percentage loss. Both 
interactions (fungi*preservative) and (fungi*concentration) also have a significant 
effect. 
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R 10 Appendix X Statistical analysis of soil block test (cont) 
Analysis of tetraguanidinium ellagate treatment data (cont.) 
Estimated Marginal Means Table 
ESTIMATED MEANS FOR ADJUSTED % LOSS 
Dependent Variable: LOSS 
FUNGI 
Colivacea 
G.abietinum 
F.lilacino-gilva 
S.lacrymans 
P.tephropora 
PRESV 
TGE 
TGE/Cu 
TGE 
TGE/Cu 
TGE 
TGE/Cu 
TGE 
TGE/Cu 
TGE 
TGE/Cu 
CONG 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
Mean 
4.689 
36.337 
38.790 
5.056 
31.590 
27.936 
8.864 
16.684 
37.926 
8.544 
7.664 
7.229 
3.834 
37.273 
31.013 
5.644 
28.131 
16.243 
33.603 
50.786 
45.786 
20.630 
49.801 
41.034 
3.794 
8.716 
9.420 
4.786 
3.030 
3.767 
Std. Error 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
1.753 
9 5 % Confidence Interval 
Lower Bound 
1.229 
32.878 
35.330 
1.596 
28.130 
24.476 
5.405 
13.225 
34.466 
5.085 
4.205 
3.769 
.375 
33.813 
27.553 
2.185 
24.672 
12.783 
30.143 
47.326 
42.326 
17.170 
46.342 
37.575 
.335 
5.256 
5.960 
1.326 
-.430 
.308 
Upper Bound 
8.148 
39.797 
42.250 
8.515 
35.050 
31.395 
12.324 
20.144 
41.385 
12.004 
11.124 
10.686 
7.294 
40.732 
34.472 
9.104 
31.591 
19.702 
37.062 
54.245 
49.245 
24.090 
53.261 
44.494 
7.254 
12.175 
12.880 
8.245 
6.490 
7.227 | 
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8.10 Appendix X Statistical analysis of soil block test (cont) 
Analysis of tetracholine ellagate treatment data 
Normality Plot 
Normal Probability Plot 
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The Anderson-Darling normality plot indicated that the entire data set was not 
normal. However individual normality plots for each fungi subset showed the 
majority of the data was from a normal distribution (p-values 0.902, 0.001, 0.079, 
0.013 and 0.001 for Colivacea, G.abietinum, F.lilacino-gilva, S.lacrymans and 
P.tephropora repectively). Given N = 210, normality may be assumed. 
Homogeneity of Variance 
Homogeneity of Variance Test for loss 
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3 1 2 
3 1 3 
3 2 1 
3 2 2 
3 2 3 
4 1 1 
4 1 2 
4 1 3 
4 2 1 
4 2 2 
4 2 3 
5 1 1 
5 1 2 
5 1 3 
5 2 1 
5 2 2 
5 2 3 
BaMsTest 
Tests* stic 132293 
M/aiB : Q000 
LevenelsTest 
Test Saistic: 1.824 
PV-lua :Q010 
10 20 30 
Homogeneity of variance analysis of the fungi subsets indicated that the variance 
within each subset was homogeneous (p-values 0.067, 0.027, 0.509, 0.533 and 0.113 
for Colivacea, G.abietinum, F.lilacino-gilva, S.lacrymans and P.tephropora 
repectively). 
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8.10 Appendix XStatistical analysis nfsnil hl„rk tj^Kcgy^L 
Analysis of tetracholine ellagate treatment data (mnt) 
Error Bar Graphs 
The error bar graph illustrates the 95% confidence interval of each data set, plotting 
the range in which 95% of the data points for each group lie. 
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ft. 10 Appendix X Statistical analysis of soil block test (cont) 
Analysis of tetracholine ellagate treatment data (cont.) 
Main Effects Plot 
The main effects plot illustrates contrasting means within each trial factor. 
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R 10 Appendix X Statistical analysis of soil block test (cont) 
Analysis of tetracholine ellagate treatment data (cont.) 
Anvoa Table 
The data fits the ANOVA assumptions therefore a three-way ANOVA analysis was 
conducted. 
Source 
Fungi 
Presv 
Conc(Presv) 
Fungi*Presv 
Fungi*Conc(Presv) 
Error 
Total 
DF 
4 
1 
4 
4 
16 
180 
209 
SeqSS 
31169.2 
929.9 
3624.8 
3058.7 
3649.8 
3008.9 
45441.2 
AdjSS 
31169.2 
929.9 
3624.8 
3058.7 
3649.8 
3008.9 
AdjMS 
7792.3 
929.9 
906.2 
764.7 
228.1 
16.7 
F 
466.16 
55.63 
54.21 
45.74 
13.65 
P 
0.000 
0.000 
0.000 
0.000 
0.000 
The A N O V A test indicates that all main effects (fungi, preservative and 
concentration) have significant effects upon the mean adjusted percentage loss. Both 
interactions (fungi *preservative) and (fungi* concentration) also have a significant 
effect. 
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RJQ Appendix X Statistical analysis of soil block test (cont) 
Analysis of tetracholine ellagate treatment data (cont.) 
fetimated Marginal Means Table 
ESTIMATED MEANS FOR ADJUSTED % LOSS 
Dependent Variable: LOSS 
FUNGI PRESV CONC 
Colivacea TCE 5% 
1% 
0.1% 
TCE/Cu 5% 
1% 
0.1% 
G.abietinum TCE 5% 
1% 
0.1% 
TCE/Cu 5% 
1% 
0.1% 
F.lilacino-gilva TCE 5% 
1% 
0.1% 
TCE/Cu 5% 
1% 
0.1% 
S.lacrymans TCE 5% 
1% 
0.1% 
TCE/Cu 5% 
1% 
0.1% 
P.tephropora TCE 5% 
1% 
0.1% 
TCE/Cu 5% 
1% 
0.1% 
Mean 
26.676 
35.631 
36.426 
27.879 
30.663 
29.546 
21.801 
21.327 
33.500 
13.677 
6.214 
6.546 
27.010 
34.604 
32.364 
31.884 
22.984 
19.011 
22.550 
40.277 
53.907 
53.167 
48.544 
34.504 
8.630 
5.570 
6.320 
11.440 
4.093 
3.311 
Std. Error 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
1.545 
95% Confidence Interval I 
Lower Bound 
23.626 
32.582 
33.376 
24.829 
27.614 
26.496 
18.752 
18.278 
30.451 
10.628 
3.165 
3.496 
23.961 
31.555 
29.315 
28.835 
19.935 
15.962 
19.501 
37.228 
50.858 
50.118 
45.495 
31.455 
5.581 
2.521 
3.271 
8.391 
1.044 
.262 
Upper Bound 
29.725 
38.681 
39.475 
30.928 
33.712 
32.595 
24.851 
24.376 
36.549 
16.726 
9.264 
9.595 
30.059 
37.654 
35.414 
34.934 
26.034 
22.061 
25.599 
43.326 
56.956 
56.216 
51.594 
37.554 
11.679 
8.619 
9.369 
14.489 
7.142 
6.361 
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$10 Appendix X Statistical analysis of soil block test (cont) 
Analysis of tetrakis-benzyltrimethvlammonium ellagate treatment data 
Normality Plot 
Normal Probability Plot 
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The Anderson-Darling normality plot illustrates that the majority of the data fits the 
linear model, with some outliers deviating from the normal distribution. Given N = 
210, normality m a y be assumed. 
Homogeneity of Variance 
Homogeneity of Variance Test for loss 
95%Co1idn» Nervals ftr Sgmas Farfor La/els 
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Analysis of the individual fungi subsets indicates most of the data is normal. The 
Levene's statistics for the subsets that did not show homogeneity of variance indicated 
that the variance was almost homogenous (Levene's test ^ -values 0.034, 0.001, 0.230 
0.025 and 0.153 for Colivacea, G.abietinum, F.lilacino-gilva, S.lacrymans and 
P.tephropora repectively). 
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gJO Appendix X Statistical analysis of soil block test (cont.). 
Analysis of tetrakis-benzyltrimethvlammonium ellagate treatment data (cont.) 
F.rrnr Bar Graphs 
The error bar graph illustrates the 95% confidence interval of each data set, plotting 
the range in which 95% of the data points for each group lie. 
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010 Appendix X Statistical analysis of soil block test (cont.). 
Analysis of tetrakis-benzyltrimethylammonium ellagate treatment data (cont.) 
Main Effects Plot 
The main effects plot illustrates contrasting means within each trial factor. 
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$.10 Appendix X Statistical analysis of soil block test (cont) 
Analysis of tetrakis-benzvltrimethvlammonium ellagate treatment data (cont.) 
Anova Table 
The data fits the ANOVA assumptions therefore a three-way ANOVA analysis was 
conducted. 
Source 
Fungi 
Presv 
ConcfPresv) 
Fungi*Presv 
Fungi*Conc(Presv) 
Error 
Total 
DF 
4 
1 
4 
4 
16 
180 
209 
SeqSS 
3585.6 
3083.6 
4837.2 
1192.4 
6993.3 
5794.9 
57287.0 
AdjSS 
3585.6 
3083.6 
4837.2 
1192.4 
6993.3 
5794.9 
AdjMS 
8846.4 
3083.6 
1209.3 
298.1 
437.1 
32.2 
F 
274.79 
95.78 
37.56 
9.26 
13.58 
P 
0.000 
0.000 
0.000 
0.000 
0.000 
The A N O V A test indicates that all main effects (fungi, preservative and 
concentration) have significant effects upon the mean adjusted percentage loss. Both 
interactions (fungi*preservative) and (fungi*concentration) also have a significant 
effect. 
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$. 10 Appendix X Statistical analysis of soil block test (cont). 
Analysis of tetrakis-benzyltrimethvlarnmonium ellagate treatment data fcont) 
Estimated Marginal Means Table 
ESTIMATED MEANS FOR ADJUSTED % LOSS 
Dependent Variable: LOSS 
FUNGI 
Colivacea 
G.abietinum 
F.lilacino-gilva 
S.lacrymans 
P.tephropora 
PRESV 
BTM 
BTM/Cu 
BTM 
BTM/Cu 
BTM 
BTM/Cu 
BTM 
BTM/Cu 
BTM 
BTM/Cu 
CONC 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
Mean 
24.219 
39.483 
39.954. 
21.896 
34.126 
31.320 
10.654 
17.724 
27.009 
11.317 
6.927 
3.670 
11.137 
35.147 
31.574 
20.273 
27.179 
13.331 
42.520 
47.897 
53.639 
52.280 
34.390 
12.961 
4.920 
6.881 
2.671 
5.177 
1.653 
3.971 
Std. Error 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.1.45 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
2.145 
9 5 % Confidence Interval 
Lower Bound 
19.987 
35.251 
35.723 
17.664 
29.894 
27.088 
6.423 
13.493 
22.777 
7.Q85 
2.695 
-.562 
6.905 
30.915 
27.343 
16.041 
22.947 
9.100 
38.288 
43.665 
49.407 
48.048 
30.158 
8.730 
.688 
2.650 
-1.560 
.945 
-2.579 
-.260 
Upper Bound 
28.450 
43.715 
44.186 
26.127 
38.357 
35.552 
14.886 
21.956 
31.240 
15.549 
11.159 
7.902 
15.369 
39.379 
35.806 
24.505 
31.410 
17.563 
46.752 
52.129 
57.870 
56.512 
38.622 
17.193 
9.152 
11.113 
6.903 
9.409 
5.885 
8.203 | 
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fl 10 Appendix X Statistical analysis of soil block test (cont.). 
Analysis of tetrakis-tetramethylammonium ellagate treatment data 
Normality Plot 
Normal Probability Plot 
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The Ryan-Joiner p-value of 0.044 indicated that the entire data set may be considered 
normal, given that N = 210. 
Homogeneity of Variance 
Homogeneity of Variance Test for loss 
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Analysis of the individual tag. subsetsindicated that t^ -jority of *e <^a 
delayed homogeneity of vanance <P^™££% f^opora repeetively). 
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 F y 
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X. 10 Appendix X Statistical analysis of soil block test (cont). 
Analysis of tetrakis-tetramethylammonium ellagate treatment data (cont) 
Error Bar Graphs 
The error bar graph illustrates the 95% confidence interval of each data set, plotting 
the range in which 95% of the data points for each group lie. 
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R 10 Appendix X Statistical analysis of soil block test (cont.). 
Analysis of tetrakis-tetramethylammonium ellagate treatment data (cont.) 
Main Effects Graph 
The main effects plot illustrates contrasting means within each trial factor. 
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0.784 
StDev 
0.496 
0.496 
23 -| 
^17 -
111 
5 -
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ft. 10 Appendix X Statistical analysis of soil block test (cont.). 
Analysis of tetrakis-tetramethvlammonium ellagate treatment data (cont.) 
Anova Table 
The data fits the ANOVA assumptions therefore a three-way ANOVA analysis was 
conducted. 
Source 
Fungi 
Presv 
Conc(Presv) 
Fungi*Presv 
Fungi* Conc(Presv) 
Error 
Total 
DF 
4 
1 
4 
4 
16 
180 
209 
SeqSS 
16240.0 
3333.0 
9237.7 
6341.1 
11053.0 
4643.0 
50847.8 
AdjSS 
16240.0 
3333.0 
9237.7 
6341.1 
11053.0 
4643.0 
AdjMS 
4060.0 
3333.0 
2309.4 
1585.3 
690.8 
25.8 
F 
157.40 
129.22 
89.53 
61.46 
26.78 
P 
0.000 
0.000 
0.000 
0.000 
0.000 
The A N O V A test indicates that all main effects (fungi, preservative and 
concentration) have significant effects upon the mean adjusted percentage loss. Both 
interactions (fungi*preservative) and (fungi*concentration) also have a significant 
effect. 
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8.10 Appendix X Statistical analysis of soil block test (cont) 
Analysis of tetrakis-tetramethvlammonium ellagate treatment data (cont.) 
Estimated Marginal Means Table 
ESTIMATED MEANS FOR ADJUSTED % LOSS 
Dependent Variable: LOSS 
FUNGI 
Colivacea 
G.abietinum 
F.lilacino-gilva 
S.lacrymans 
P.tephorpora 
PRESV 
TMA 
TMA/Cu 
TMA 
TMA/Cu 
TMA 
TMA/Cu 
TMA 
TMA/Cu 
TMA 
TMA/Cu 
CONC 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
5% 
1% 
0.1% 
Mean 
10.931 
35.236 
1.180 
12.453 
29.153 
31.200 
7.996 
32.491 
1.009 
11.864 
5.743 
6.566 
10.783 
1.320 
1.300 
13.781 
22.570 
19.511 
3.726 
43.993 
1.096 
52.689 
39.287 
31.086 
4.439 
4.734 
2.117 
3.890 
.921 
1.153 
Std. Error 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
1.920 
95% Confidence Interval 
Lower Bound 
7.144 
31.448 
-2.608 
8.665 
25.365 
27.412 
4.208 
28.704 
-2.779 
8.076 
1.955 
2.778 
6.995 
-2.468 
-2.488 
9.994 
18.782 
15.724 
-6.212E-02 
40.205 
-2.692 
48.901 
35.499 
27.298 
.651 
.946 
-1.671 
.102 
-2.866 
-2.635 
Upper Bound 
14.719 
39.024 
4.968 
16.241 
32.941 
34.988 
11.784 
36.279 
4.796 
15.652 
9.531 
10.354 
14.571 
5.108 
5.088 
17.569 
26.358 
23.299 
7.514 
47.781 
4.884 
56.476 
43.075 
34.874 
8.226 
8.522 
5.905 
7.678 
4.709 
4.941 
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f?. 10 Appendix X Statistical analysis of soil block test (cont). 
Analysis of ellagic acid treatment data 
Normality Plot 
Normal Probability Plot 
J3 
ca 
XI 
o 
RESI1 
A/eraga QCTJXCECI 
SDa/:Q412G5 
K2ED 
ATfrsm-DalingNcrmslilyTest 
A Sqj=red 1.CE5 
PA&ts Q011 
The Anderson-Darling normality plot illustrates that the majority of the data conforms 
to the linear model (p-value 0.011). The overall normality was slightly offset due to 
insignificant outliers, however normality may be assumed given N = 210. 
Homogeneitvof Variance 
Homogeneity of Variance Test for loss 
9K4 Canfidsrce nervals fcr Sgras 
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* ' 
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m~* 
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__4 
# 
Fader Lads 
t 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
1 
t 
1 
2 
2 
2 
1 
1 
1 
2 
2 
2 
1 
1 
1 
2 
2 
2 
1 
1 
1 
2 
2 
2 
1 
1 
1 
2 
2 
2 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
BertettsTest 
TestSafistic1CS6a9 
P-Value : QCED 
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ft. 10 Appendix X Statistical analysis of soil block test (cont). 
Analysis of ellagic acid treatment data (cont.) 
Error Bar Graphs 
The error bar graph illustrates the 95% confidence interval of each data set, plotting 
the range in which 95% of the data points for each group lie. 
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0.10 Appendix X Statistical analysis of soil block test (cont). 
Analysis of ellagic acid treatment data (cont.) 
Main Effects Plot 
The main effects plot illustrates contrasting means within each trial factor. 
PLOT OF MEAN ADJUSTED % LOSS 
3 
&9 
6.3 " 
5.7 -
5.1 " 
4.5 " 
~ i — i — i — I — r 
FUNGI 
"i 1 r 
PRESV 
-i r — r 
OONC 
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TREAT 
Fungi 
Colivacea 
G.abietinum 
F.lilacino-gilva 
S.lacrymans 
P.tephorpora 
Preservative 
NMP 
EA 
EA/Cu 
1 
Mean 
6.890 
5.093 
7.281 
5.458 
4.519 
Mean 
5.028 
5.172 
6.525 
StDev 
0.07495 
0.07495 
0.07495 
0.07495 
0.07495 
StDev 
1.0024 
0.9931 
1.5197 
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(2.10 Appendix X Statistical analysis of soil block tP.st (mm ) 
Analysis of ellagic acid treatment data (cont.) 
Anova Table 
The data fits the ANOVA assumptions therefore a three-way ANOVA analysis was 
conducted. 
Source 
Fungi 
Presv 
Conc(Presv) 
Fungi*Presv 
Fungi*Conc(Presv) 
Error 
Total 
DF 
4 
1 
4 
4 
16 
270 
299 
SeqSS 
337.739 
137.363 
55.555 
12.672 
30.259 
54.825 
628.413 
AdjSS 
337.739 
137.363 
55.555 
12.672 
30.259 
54.825 
AdjMS 
84.435 
137.363 
13.889 
3.168 
1.891 
0.203 
F 
415.82 
676.48 
68.40 
15.60 
9.31 
P 
0.000 
0.000 
0.000 
0.000 
0.000 
The A N O V A test indicates that all main effects (fungi, preservative and 
concentration) have significant effects upon the mean adjusted percentage loss. Both 
interactions (fungi*presrvative) and (fungi*concentration) also have a significant 
effect. 
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8.10 Appendix X Statistical analysis of soil block test (cont.). 
Analysis of ellagic acid treatment data (conU 
Estimated Marginal Means Table 
ESTIMATED MEANS FOR ADJUSTED % LOSS 
Dependent Variable: LOSS 
FUNGI 
Colivacea 
G.abietinum 
F.lilacino-gilva 
S.lacrymans 
P.tephorpora 
TREATMENT 
NMP 
5%EA 
1%EA 
0.1 %EA 
5%EA/Cu 
1%EA/Cu 
0.1%EA/Cu 
NMP 
5%EA 
1%EA 
0.1%EA 
5%EA/Cu 
1%EA/Cu 
0.1%EA/Cu 
NMP 
5%EA 
1%EA 
0.1 %EA 
5%EA/Cu 
1%EA/Cu 
0.1%EA/Cu 
NMP 
5%EA 
1%EA 
0.1 %EA 
5%EA/Cu 
1%EA/Cu 
0.1%EA/Cu 
NMP 
5%EA 
1%EA 
0.1 %EA 
5%EA/Cu 
1%EA/Cu 
0.1%EA/Cu 
Mean 
5.984 
5.726 
6.426 
5.980 
6.683 
8.086 
8.440 
4.400 
4.066 
4.709 
4.510 
4.992 
6.210 
6.069 
6.173 
5.997 
6.818 
6.306 
6.978 
8.697 
8.892 
4.911 
4.743 
5.094 
4.598 
5.306 
6.665 
6.342 
3.673 
4.128 
4.868 
3.605 
4.967 
5.469 
4.078 
Std. Error 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
.137 
9 5 % Confidence Interval 
Lower Bound 
5.714 
5.456 
6.156 
5.710 
6.413 
7.816 
8.170 
4.130 
3.796 
4.439 
4.240 
4.722 
5.940 
5.799 
5.903 
5.727 
6.548 
6.036 
6.708 
8.427 
8.622 
4.641 
4.473 
4.824 
4.328 
5.036 
6.395 
6.072 
3.403 
3.858 
4.598 
3.335 
4.697 
5.199 
3.808 
Upper Bound 
6.254 
5.996 
6.696 
6.250 
6.953 
8.356 
8.710 
4.670 
4.336 
4.979 
4.780 
5.262 
6.480 
6.339 
6.443 
6.267 
7.088 
6.576 
7.248 
8.967 
9.162 
5.181 
5.013 
5.364 
4.868 
5.576 
6.935 
6.612 
3.943 
4.398 
5.138 
3.875 
5.237 
5.739 
4.348 
•1 • 
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3.10 Appendix X Statistical analysis of soil block test (cont). 
Analysis of 2,3,4,2\3,,4,-hexamethoxv-6.6,-diisocvanato-diphenvl treatment data 
Normality Plot 
Normal Probability Plot 
.a 
CO 
n 
p 
A/erags -QOIUX0 
SKey. 493416 
W143 
999 -
.99 -
.95 " 
.80 -
.50 -
.20 " 
.05 " 
.01 
.001 -
"" — • ™ -* 
« 
i 
J } 
i i 
i % • 
i f 
( i T 
t f 
f f ( 
i 1 1 1 
-20 -10 
RESI1 
10 
/Vrferscr>Da1irgNcrrrelityTest 
ArScfjBred3.5eB 
P-VSus QQCD 
Although the analysis of the entire data set did not give rise to normality, given N -
210 normality may be assumed. 
Homogeneity of Variance 
Homogeneity of Variance Test for loss 
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Test Satisfc 2773 
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The complete data set did not indicate homogeneity of variance Rvalue 0 003). 
However each fungi subset showed homogeneity variance Rvalues 0.007, U 1 o/ 
0.154, 0.130 and 0.617 for Colivacea, G.abietinum, F.lilacino-gilva, S.lacrymans and 
P.tephropora repectively). 
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ff. 10 Appendix X Statistical analysis of soil block test (cont). 
Analysis of 2.3.4.2'.3'.4'-hexamethoxv-6.6'-diisocvanato-diphenyl treatment data 
(cont.) 
Frrnr Bar Graph 
The error bar graph illustrates the 95% confidence interval of each data set, plotting 
the range in which 95% of the data points for each group lie. 
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tf.10 Appendix X Statistical analysis of soil block test (cont). 
Analysis of 23A2\3\4'-hexamethoxy-6,6,-diisocyanato-diphenvl treatment data 
(cont.) 
Main Effects Plot 
The main effects plot illustrates contrasting means wthin each trial factor. 
PLOT OF MEAN ADJUSTED % LOSS 
TREAT 
Fungi 
Colivacea 
G.abietinum 
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1.1360 
23.849 1.1360 
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8.10 Appendix X Statistical analysis of soil block test (cont) 
Analysis of 23A2\3\4,-hexamethoxv-6.6,-diisocvanato-diphenvl treatment data 
(cont.) 
Anova Table 
The data fits the ANOVA assumptions therefore a two-way ANOVA analysis was 
conducted. 
Source 
Fungi 
Treat 
Fungi*Treat 
Error 
Total 
DF 
4 
3 
12 
120 
139 
SeqSS 
29283.7 
1273.2 
2527.9 
3384.1 
36468.9 
AdjSS 
29283.7 
1273.2 
2527.9 
3384.1 
AdjMS 
7320.9 
424.4 
210.7 
28.2 
F 
259.60 
15.05 
7.47 
P 
0.000 
0.000 
0.000 
The A N O V A test indicates that both main effects (fungi and preservative) have 
significant effects upon the mean adjusted percentage loss. The interaction 
(fungi*treatment) also had a significant effect. 
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g.10 Appendix X Statistical analysis of soil block test (cont). 
Analysis of 213,4,2\3,,4,-hexamethoxv-6,6,-diisocvanato-diphenv1 treatment data 
(cont,) 
Estimated Marginal Means Table 
ESTIMATED MEANS FOR ADJUSTED % LOSS 
Dependent Variable: LOSS 
FUNGI TREATMENT 
C. olivacea DIOXANE 
5%DIISO 
1%DIISO 
0.1%DIISO 
G. abietinum DIOXANE 
5%DIISO 
1%DIISO 
0.1%DIISO 
F. lilacino-gilva DIOXANE 
5%DIISO 
1%DIISO 
0.1%D1ISO 
S. lacrymans DIOXANE 
5%DIISO 
1%DIISO 
0.1%DIISO 
P. tephropora DIOXANE 
5%DIISO 
1%DIISO 
0.1%DIISO 
Mean 
15.219 
32.276 
34.823 
38.694 
8.267 
11.980 
21.777 
17.574 
26.717 
19.794 
26.679 
25.073 
46.393 
43.837 
43.364 
54.546 
4.139 
4.941 
4.174 
3.431 
Std. Error 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
2.007 
95% Confidence Interval 
Lower Bound 
11.245 
28.302 
30.849 
34.720 
4.293 
8.006 
17.803 
13.600 
22.743 
15.820 
22.705 
21.099 
42.419 
39.863 
39.390 
50.572 
.165 
.967 
.200 
-.543 
Upper Bound 
19.193 
36.250 
38.797 
42.668 
12.241 
15.954 
25.751 
21.548 
30.691 
23.768 
30.653 
29.047 
50.367 
47.811 
47.338 
58.520 
8.113 
8.915 
8.148 
7.405 
